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 第三節 重水素化実験による反応機構の解明 
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Ac   acetyl 
 
ACB   allenylcyclobutane 
 
ACP   allenylcyclopropane 
 
binap   2,2’-bis(diphenylphosphino)-1,1’-binaphtyl 
 
biphep   2,2’-bis(diphenylphosphino)-1,1’-biphenyl 
 
Bn   benzyl 
 
nBu   normal (primary) butyl 
 
tBu   t-butyl 
 
cod   1,5-cyclooctadiene 
 
Cp   cyclopentadienyl 
 
mCPBA   m-chloroperbenzoic acid 
 
DCE   1,2-dichloroethane 
 
DEAD   diethyl azodicarboxylate 
 
DIAD   diisopropyl azodicarboxylate 
 
DMF   N,N-dimethylformamide 
 
dppb   1,3-bis(diphenylphosphino)butane 
 
dppe   1,3-bis(diphenylphosphino)ethane 
 
dppm   1,3-bis(diphenylphosphino)methane 
  
dppp   1,3-bis(diphenylphosphino)propane 
 
Et   ethyl 
 
Hex   hexyl 
 
cHex   cyclohexyl 
 
HMPA   hexamethylphosphoric triamide 
 
IMes   1,3-bis(2,4,6-trimethylphenyl)imidazolium 
 
IPNBSH  N-isopropylidene-N’-2-nitrobenzenesulfonyl hydrazine 
 
LDA   lithium diisopropylamide 
 
LHMDS  lithium hexamethyldisilazane 
 
Me   methyl 
 
Ms   methanesulfonyl (mesyl) 
 
NaBArF4  sodium tetrakis[3,5-bis(trifuluoromehthyl)phenyl]borate 
 
nbd   [2.2.1]bicyclohepta-1,3-diene (norbornadiene) 
 
Ns   o-nitrobenzenesulfonyl 
 
Ph   phenyl 
 
iPr   isopropyl 
 
TBS   t-butyldimethylsilyl 
 
Tf   trifluoromethanesulfonyl 
 
TFE   2,2,2-tifuloroethanol 
 
  
THF   tetrahydrofuran 
 
TMS   trimethylsilyl 
 
Ts   p-toluenesulfonyl (tosyl) 
 




















































































RhI-Catalyzed [5+2] Cycloaddition of Vinylcyclopropanes and Alkynes.
RhI-Catalyzed [5+2] Cycloaddition of Vinylcyclopropanes and Alkenes.
RhI-Catalyzed [5+2] Cycloaddition of Vinylcyclopropanes and Allenes.
X = NTs, C(CO2Me)2, O
R = H, Me, TMS, Ph
X = NTs, C(CO2Me)2, O
X = NTs, C(CO2Me)2
















また、Hayashi らも VCP-アルキン体 7 にロジウム触媒と不斉ホスホラミダイト配位子の錯








X = NTs, C(CO2Me)2, O
R1 = H, alkyl, aryl



































0.2 atm CO + 0.8 atm N2
5 mol% [RhCl(CO)2]2
0.05 M dioxane, 80 °C
X = NTs, C(CO2Me)2, O








 ロジウム以外の触媒を用いた VCP の反応も報告されている。Trost らはロジウムの代わり
にルテニウム触媒を活用した VCP-アルキン体 11 の分子内[5+2]環化付加反応を報告してい
る







0.1-0.2 M acetone, rt-50 °C
X = NTs, C(CO2Me)2, O
R1 = H, Me, TMS, Ph














 VCP を活用した環化反応が数多く報告されている 2b, 3-7 事実とは対照的に、アレニルシク
ロプロパン(以下、ACP と表記する)を活用した環化反応の報告例は少ない 8。1997 年 Iwasawa
らは、三員環の一位に水酸基を有するアレニルシクロプロパノール 13 を化学量論量の















R1 = H, Hex, Ph, TMS, TBS







翌年 Saigo らは、Wilkinson 触媒存在下、ACP 体 15 をベンゼン中で還流したところ、環化













また、同年 Murakami らは、ACP 体 17 に一価のイリジウム触媒を加えて、5 気圧の一酸
化炭素加圧下で加熱すると、先の Saigo らの反応と同様のプロセスで三員環が開裂しメタラ
サイクル中間体 I が形成されるとともに、一酸化炭素の挿入を伴った[5+1]閉環反応が進行
























2008 年には Hiroi らが銅を用いた環拡大反応について報告している 8e(Figure 9)。彼らは、
ACP 体 19 を 0.5等量の[CuH(PPh3)]6 と処理すると、まずアルキル銅錯体 II を形成し、その



















rt or 40 °C
20
51-74%















































ここまでに VCP と多重結合の反応及び ACP の環拡大反応について述べてきた。次に ACP
と多重結合の反応について紹介したい
9
。2003 年 Meijere らは、パラジウム触媒を用いた連
続する Heck 反応と Diels-Alder 反応を報告している 9a(Figure 11)。本反応ではまず、アリー
ルパラジウム種がアレンに挿入してσ-アリルパラジウム中間体 I を形成する。続いてホモ
アリル転位によりホモアリルパラジウム中間体 II となった後に、β水素脱離が進行してト


































これは、シクロプロパンの C-C 結合の強さと p 性に起因していると考えられる。即ち、シ
クロプロパンの最適な角度は 104°であり、実際の角度 60°とは差が見られるため、C-C 結合
は直線上で軌道が重なり合わずに折れ曲がり結合(bent bond)を形成し、C-C 結合(DH° = 65 
kcalmol－1)が鎖状のもの(90 kcalmol－1)よりも弱くなっている。また、結合角 104°は sp3混成
軌道の 109.5°よりも小さくなっており、90°の結合角を好む通常の p軌道に近くなっている。
換言すれば、C-C 結合に関与する軌道部分において、この歪みのいくらかが通常の sp3混成




















 Wender らは開環を促進するためにシクロブタン上にケトンを導入した。即ち、彼らは 2-
ビニルシクロブタノンとアルケンを併せ持つ化合物 28 を種々の一価のロジウム触媒及び











X = NTs, O, C(CO2Me)2
R1, R2 = H, Me
71-95%
28 29
10 mol% RhCl(PPh3)3 or 
10 mol% RhCl(CO)(PPh3)2 or 
5 mol% [RhCl(CO)2]2




 一方、Murakami らは、ジイン体 30 とシクロブタノン体 31 の共存下、ニッケル触媒と処
理すると、分子間[4+2+2]環化付加反応が進行してビシクロ[6.3.0]誘導体 32 が最高収率 91%
で得られることを報告している。また、o-スチリル基を有するシクロブタノン 33 を
[Rh(cod)2]PF6及びリン配位子存在下、m-キシレン中 140°C に加熱した場合も、八員環化合物
















X = NTs, O, C(CO2Me)2,
C(CH2OMe)2
R1 = H, Me,Et
R2 = alkyl, Ph
R3 = alkyl, Ph
Ni0-Catalyzed Intermolecular [4+2+2] Annulation of Cyclobutanones with diynes.
61-91%













ligand = P(nBu)3 
             or P(cHex)3












1993 年、Liebeskind らはシクロブテノンと三員環あるいは四員環が結合した基質 35 をロ
ジウム触媒と反応させると、シクロブテノンにロジウムが挿入することにより環拡大反応が





















R1 = H, alkyl
R2 = H, alkyl, Ph, iPrO
R3 = H, Me, Ph











テノン誘導体 38 が生成することを見出している 14d(Figure 16)。 
OTBS















































































































































の分子内[5+2]環化付加反応 3-5, 7 では、多くのビシクロ[5.3.0]骨格構築法が見出されている。





まず始めに、基質となる ACP-アルキン体の合成を行った(Scheme 1)。ジイン体 45a,c-k16に
LHMDS を添加後、シクロプロパンカルボキシアルデヒドと処理して、シクロプロピル基を
有する各種プロパルギルアルコール誘導体 46a,c-k を 32-95%の収率で得た。アルキン末端が
無置換で側鎖にビスメトキシカルボニル基を有するプロパルギルアルコール誘導体 46b は、
アルキン末端が TMS 基で置換され側鎖にビスメトキシカルボニル基を有するプロパルギル
アルコール誘導体 46j のアルキン末端の TMS 基の除去を行い、96%の収率で導いた。続い
て、プロパルギルアルコール誘導体 46a-k に、PhSCl を用いるスルフィニルアレンへの変換
と、mCPBA 酸化を連続的に行うスルホニルアレン合成の典型的な方法を適用して、環化付
加反応の基質となる各種 ACP-アルキン体 47a-k を 49-94%の収率で合成した。また、側鎖を
一炭素伸長した ACP-アルキン体 47l,m については、ジイン体 45l,m を出発物質として、シ
クロプロパンカルボキシアルデヒドとのカップリングを行って、それぞれ収率 88%、62%で
プロパルギルアルコール誘導体 46’l,m とした。続いて 46’l,m のアルキン末端 TMS 基の除去
(それぞれ 90%、51%の収率)を行い、各々を先に記した方法に従って 78%、96%の収率で 47l,m
へ導いた。一方、メチルアレンを有する ACP-アルキン体 47n はプロパルギルアルコール誘






























47a: X = NTs, R = H
47b: X = C(CO2Me)2, R = H
47c: X = O, R = H
47d: X = CH2, R = H





, R = H
47g: X = C(CN)2, R = H
47h: X = NTs, R = TMS
47i: X = NTs, R = nBu
47j: X = C(CO2Me)2, R = TMS
47k: X = C(CO2Me)2, R = nBu
Reaction conditions: a) LHMDS or nBuLi, cyclopropanecarboxaldehyde, THF, -78 °C, 46a (82%),
46c (95%), 46d (87%), 46e (72%), 46f (70%), 46g (39%), 46h (32%), 46i (86%), 46j (90%), 46k (68%),
46'l (88%), 46'm (62%); b) K2CO3, MeOH, rt, 46b (96%), 46l (90%), 46m (51%); c) PhSCl, Et3N, THF,
-78 °C; d) mCPBA, CH2Cl2, 0 °C, 47a (82%), 47b (83%), 47c (87%), 47d (89%), 47e (52%), 47f (82%),
47g (73%), 47h (84%), 47i (81%), 47j (49%), 47k (94%), 47l (78%), 47m (96%); e) MsCl, Et3N, CH2Cl2, 
0 °C; f) LiCl, MeLi, CuCN, THF, -78 °C, 47n (51%).
46a: X = NTs, R = H
46b: X = C(CO2Me)2, R = H
46c: X = O, R = H
46d: X = CH2, R = H





, R = H
46g: X = C(CN)2, R = H
46h: X = NTs, R = TMS
46i: X = NTs, R = nBu
46j: X = C(CO2Me)2, R = TMS
46k: X = C(CO2Me)2, R = nBu
45a: X = NTs, R = H
45c: X = O, R = H
45d: X = CH2, R = H





, R = H
45g: X = C(CN)2, R = H
45h: X = NTs, R = TMS
45i: X = NTs, R = nBu
45j: X = C(CO2Me)2, R = TMS
45k: X = C(CO2Me)2, R = nBu
c, da
b
a b c, d
45l: X = NTs
45m: X =C(CO2Me)2
46'l: X = NTs
46'm: X =C(CO2Me)2
46l: X = NTs
46m: X =C(CO2Me)2






たず、側鎖に NTs 基を有する ACP-アルキン体 47a を用いて、ロジウム触媒存在下での分子
内[5+2]環化付加反応を行った(Table 1)。VCP の分子内[5+2]環化付加反応 3 で用いられている
[RhCl(CO)2]2 とアレン-アルキン体の Pauson-Khand 型反応 17 において有効とされている
[RhCl(CO)dppp]218 を触媒として検討を行った。また溶媒としては、トルエン、1,4-ジオキサ
ン、ジクロロエタンを用いた。まず、ACP-アルキン体 47a と 10mol%の[RhCl(CO)2]2をトル
エン中 80°C で加熱したところ、2時間で反応は完結し、66%の収率でビシクロ[5.4.0]誘導体
48a が得られた(entry 1)。本反応を室温下で行うと、反応完結に 24時間を要するものの、加
熱条件と同程度の収率(57%)で 48a を与えた(entry 2)。一方、もう一つのロジウム触媒である
[RhCl(CO)dppp]2を 10mol%用いて 80°C で加熱したところ、わずか 10 分で反応が完結し、90%
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の収率で 48a が得られた(entry 3)。室温下で反応を行った際にも 1時間で反応は完結し、収
率は entry 3 と同程度(88%)であった(entry 4)。次に、溶媒をトルエンから 1,4-ジオキサン或い
はジクロロエタンに変更して検討を行った。[RhCl(CO)2]2 を触媒とする反応では、溶媒に 1,4-
ジオキサンを用いた際には収率の低下が認められた(entries 5 and 6)が、ジクロロエタンを用
いた場合には、80°C で収率 80%、室温で収率 66%と、トルエンを溶媒とした時(entries 1 and 
2)に比べてより良好な収率で 48a が得られた(entries 7 and 8)。一方、[RhCl(CO)dppp]2 を用い
て、1,4-ジオキサンやジクロロエタン中で反応を行ったが(0-79%, entries 9-12)、トルエン中
での結果(88-90%, entries 3 and 4)に及ばなかった。また、カチオン性のロジウム触媒 3k, 18、
Wilkinson 触媒、[RhCl(cod)]2等を用いて検討したが、上述した条件に比べ良好な結果を得る
ことはできなかった(entries 13-16)。 
 以上、Table 1 の結果から、[RhCl(CO)dppp]2 とトルエン、[RhCl(CO)2]2 とジクロロエタン
の組み合わせが本環化反応に適していることがわかった。そこで、これら二つの組み合わせ













































































































aReaction conditions: 0.1 M solution of allenylcyclopropane-alkyne 47a was 
treated with the RhI catalyst (10 mol%) under a nitrogen atomosphere.
47a 48a
10 mol% RhI catalyst


























第二節 アルキン末端が無置換の ACP-アルキン体を基質とする分子内[5+2]環化付加反応 
 前節で合成した各種 ACP-アルキン体の内、アルキン末端に置換基を持たない ACP-アルキ
ン体 47b-g を用いて、前節で見出した 4 種の反応条件下、分子内[5+2]環化付加反応を検討
した(Table 2)。まず、側鎖にビスメトキシカルボニル基を有する ACP-アルキン体 47b を
10mol%の[RhCl(CO)2]2とジクロロエタン中、80°C及び室温で処理したところ、それぞれ 86%、
87%の収率でビシクロ[5.4.0]誘導体 48b が得られた(entries 1 and 2)。両条件に収率の違いはな
いが、加熱により反応時間の短縮が見られた。続いて、47b をもう一つのロジウム触媒の条
件である 10mol%の[RhCl(CO)dppp]2 とトルエン中 80°C で加熱したところ、この際も反応は
良好に進行し、88%の収率で閉環体 48b を与えた(entry 3)。一方、室温では反応は全く進行
しなかった(entry 4)。側鎖に酸素原子を有する ACP-アルキン体 47c は、[RhCl(CO)2]2 を用い
る条件では良好な結果を示さなかった(15-24%, entries 5 and 6)が、[RhCl(CO)dppp]2 を用いる
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条件下では 52-60%の収率で閉環体 48c を与えた(entries 7 and 8)。なお、[RhCl(CO)dppp]2 を
用いた際に少量のシクロペンテニリデン誘導体 49c が副生した。よって、好結果を得るため
にはロジウム触媒種を適宜選択する必要性があることが明らかとなった。側鎖に単純なメチ
レンを有する ACP-アルキン体 47d では、20mol%の[RhCl(CO)2]2 を用いてトルエン中 80°C
及び室温で反応を行い、それぞれ 65%、51%の収率でビシクロ[5.4.0]誘導体 48d を得た(entries 
9 and 10)。一方、[RhCl(CO)dppp]2 触媒存在下の反応では、シクロペンテニリデン誘導体 49d
が、閉環体 48d と同程度量副生した(entries 11 and 12)。側鎖にビススルホニル基を有する 47e
及び、ジメチルアセタール誘導体 47f では、[RhCl(CO)2]2 と 80°C で処理する条件が好結果を
もたらし、ビシクロ[5.4.0]誘導体 48e と 48f をそれぞれ 80%、83%の収率で与えた(entries 
13-20)。また、マロノニトリル誘導体を側鎖に有する 47g の場合、[RhCl(CO)dppp]2 と 80°C
で加熱した時、53%の収率で[5+2]環化成績体 48g を与えた(entries 21-24)。なお、entries 21,22
の条件では目的物 48g とシクロペンテニリデン誘導体 49g の副生に加えて、少量のテトラエ
ン体 50g の生成を確認した。 
 Table 1,2 の結果から、二つのロジウム触媒を適宜選択すれば、常に中程度から高収率で













































































































































































aReaction conditions: 0.1 M solution of allenylcyclopropane-alkyne 47 was treated with 10 
mol% of [RhCl(CO)2]2 in dichloroethane or with 10 mol% of [RhCl(CO)dppp]2 in toluene
under a nitrogen atomosphere. b47c was recovered in 19% yield. cReaction was carried
out in 0.05 M concentration. dReaction was performed in 0.05 M solution of toluene in the
presence of 20 mol% [RhCl(CO)2]2. e47d was recovered in 45% yield. f47f was recovered

























































 本反応の機構について、2 つの経路(path a, b)を考えることができる(Figure 20)。まず、ACP-
アルキン体 47 の三重結合とアレンの末端側の二重結合、シクロプロパンが、ロジウムに配
位して I のような状態を形成する。その後、アレニルシクロプロパン部のロジウム触媒への
酸化的付加が進行する経路 a を取れば、πアリル-σアルキル-ロジウム錯体 II となり 2e, 5、
引き続く三重結合への挿入により、ローダビシクロ[6.4.0]中間体 III へ導かれ、還元的脱離
によりビシクロ[5.4.0]誘導体 48 が得られる。中間体 II から、三重結合の挿入と競争して還
元的脱離が進行すると、シクロペンテニリデン誘導体 49 が生成する。一方、I の状態から、
三重結合とアレンの二重結合がロジウム触媒に酸化的付加する経路 b も考えられ、この場合




(Scheme 2)。51 の生成は中間体 IV への一酸化炭素の挿入を経て進行していると考えると、
経路 b を完全に否定することはできない。以上のことから、ACP-アルキン体を用いた分子
内[5+2]環化付加反応では、これら経路 a,b が競合して進行しているものと現在考えている。





































































基或いはビスメトキシカルボニル基を有し、アルキン末端に TMS 基もしくは nBu 基を持つ
各種 ACP-アルキン体 47h-k を先の 4 条件に付したところ、前節で見出した傾向に沿った結
果となった。即ち、いずれも[RhCl(CO)2]2 を用いた際に良好に反応が進行し、47h では室温
で 67%の収率で 48h(entry 2)が、また、47i-k の環化反応では 80°C の場合にそれぞれ 76%の
収率で 48i(entry 5)、58%の収率で 48j(entry 9)、89%の収率で 48k(entry 13)が得られた。尚、
[RhCl(CO)dppp]2 を用いる条件では、シクロペンテニリデン誘導体 49 の副生に加え、二重結
合の位置が異なるシクロペンテニリデン誘導体 52(entries 3,7,11 and 15)及び熱的な[2+2]環化
付加反応が進行したと考えられるビシクロ[4.2.0]誘導体 53(entries 3,7 and 11)の生成も一部確
認された。 
新たに 52 が生成したことから、本機構について更に考察を加えた(Figure 21)。先の機構に
おいて、中間体 I からアレニルシクロプロパン部で酸化的付加が進行するとπアリル-σア
ルキル-ロジウム錯体 II と II’の 2 つの生成が考えられる。II ではπ-アリル部分とスルホニ
ル基が Z 体の関係を表しており、II’では E 体となっている。II からローダシクロヘキセン
中間体 A を経由して反応が進行すれば 48 や 49 が得られ、II’からローダシクロヘキセン中









































aReaction conditions: 0.1 M solution of allenylcyclopropane-alkyne 47 was treated with 10 mol% of 
[RhCl(CO)2]2 in dichloroethane or with 10 mol% of [RhCl(CO)dppp]2 in toluene under a nitrogen
























































































































































mixture (49c + 52c + 53c)
R



































体 47l,m の分子内[5+2]環化付加反応を検討した(Table 4)。まず、側鎖に NTs 基を有する ACP-
アルキン体 47lを 10mol%の[RhCl(CO)2]2とジクロロエタン中 80°C或いは室温で処理したが、
目的のビシクロ[5.5.0]誘導体 48l は低収率(11%、12%)でしか得られず、シクロペンテニリデ
ン誘導体 49l(28%、17%)が主生成物となった(entries 1 and 2)。一方、触媒を[RhCl(CO)dppp]2
に変更してトルエン中 80°C で加熱したところ、著しく収率が改善し、74%の収率でビシク
ロ[5.5.0]誘導体 48l が得られた(entry 3)。この際、シクロペンテニリデン誘導体 49l も 4%の
収率で副生した。また、本反応は室温でも進行し、53%の収率で目的の閉環体 48l を与えた
(entry 4)。側鎖にビスメトキシカルボニル基を有する ACP-アルキン体 47m を基質とした際
にも、[RhCl(CO)2]2 を用いた時には、閉環体 48m は低収率に留まった(entries 5 and 6)。一方、
[RhCl(CO)dppp]2 と 80°C で加熱した場合には、反応が良好に進行し、ビシクロ[5.5.0]誘導体
48m が 63%の収率で得られた(entry 7)。なお、室温で反応を行った際には全く反応が進行し
なかった(entry 8)。なお、この場合にも二重結合の位置の異なるシクロペンテニリデン誘導


























aReaction conditions: 0.1 M solution of allenylcyclopropane-alkyne 47 was treated with 10 
mol% of [RhCl(CO)2]2 in dichloroethane or with 10 mol% of [RhCl(CO)dppp]2 in toluene






































































第六節 メチル基の置換したアレンを有する ACP-アルキン体の分子内[5+2]環化付加反応 
 これまでの検討では、アレン上に電子求引性基であるスルホニル基を有する ACP を基質
としていた。そこで、スルホニル基の代わりにメチル基を導入した ACP-アルキン体 47n の
分子内[5+2]環化付加反応を行い、本反応の適用可能な基質の検討を行った(Table 5)。まず、
10mol%の[RhCl(CO)2]2とジクロロエタン中 80°C で加熱したところ、10 分で反応が完結し、
対応するビシクロ[5.4.0]誘導体 48n が 69%の収率で得られた(entry 1)。この際、触媒上の一
酸化炭素の挿入反応が進行して得られたと考えられるシクロヘキセノン誘導体 54n が少量
副生した。また反応完結に 24 時間を要するものの、室温でも反応は進行し、64%の収率で
閉環体 48n が得られた(entry 2)。次に、10mol%の[RhCl(CO)dppp]2 とトルエン中 80°C で加熱
したところ、[RhCl(CO)2]2 を用いたときに比べて反応時間の延長が見られたが、86%の収率



































aReaction conditions: 0.1 M solution of allenylcyclopropane-alkyne 
47 was treated with 10 mol% of [RhCl(CO)2]2 in dichloroethane or 
with 10 mol% of [RhCl(CO)dppp]2 in toluene under a nitrogen 

































 100°C 程度の温度を必要とする、従来の VCP-アルケン体や VCP-アルキン体、VCP-アレ




に、基質となる ACB-アルキン体 56a-f を合成した(Scheme 3)。各種ジイン体 45a-d,f,i16 を
LHMDS と処理後、シクロブタンカルボキシアルデヒドとのカップリングに付し、シクロブ
チル基を有する各種プロパルギルアルコール誘導体 55a-f を 40-70%の収率で合成した。これ










55a: X = NTs, R = H
55b: X = NTs, R = nBu
55d: X = C(CO2Me)2, R = H
55c: X = O, R = H
55f: X = CH2, R = H




56a: X = NTs, R = H
56b: X = NTs, R = nBu
56d: X = C(CO2Me)2, R = H
56c: X = O, R = H
56f: X = CH2, R = H








, R = H
45a: X = NTs, R = H
45i: X = NTs, R = nBu
45b: X = C(CO2Me)2, R = H
45c: X = O, R = H
45d: X = CH2, R = H
Reaction conditions: a) LHMDS, cyclobutanecarboxaldehyde, THF, -78 °C, 55a (70%),
55b (61%), 55c (62%), 55d (51%), 55e (40%), 55f (48%); b) PhSCl, Et3N, THF, c) mCPBA, 






 第一章で述べた ACP-アルキン体の分子内[5+2]環化付加反応では、側鎖に NTs 基を有する
基質が最も良好な結果を示した。そこで分子内[6+2]環化付加反応を検討するにあたり、側
鎖に NTs 基を有する ACB-アルキン体 56a を基質として用いることとした(Table 6)。最初に、
ACP-アルキン体の[5+2]環化付加反応における最適条件の一つであった、ジクロロエタン中
10mol%の[RhCl(CO)2]2と 80°C で加熱する条件を 56a に適用したところ、わずか 10 分で反






ロ体 57a の収率の向上を目指し、種々検討を行った。もう一つの ACP-アルキン体の最適条
件であった、トルエン中 10mol%の[RhCl(CO)dppp]2 と 80°C で加熱する条件を 56a に適用し
たところ、16%のシクロブチリデン誘導体 58a の副生を伴って、目的のビシクロ[6.4.0]誘導






い[RhCl(CO)dppm]2 を反応系中で調製し、窒素雰囲気下、トルエン中 80°C で 56a と加熱し
たところ、速やかに反応は進行したが、ビシクロ[6.4.0]誘導体 57a の収率は 24%にとどまり、
シクロブチリデン誘導体 58a が収率 66%で主生成物となった(entry 3)。次に dppe を配位子と
して反応を行ったところ、生成物の選択性が逆転し、収率 64%でビシクロ[6.4.0]誘導体 57a
が得られ、シクロブチリデン誘導体 58a の副生(23%)が確認された(entry 4)。Entries 2-4 の結
果から、二座ホスフィンの長さを更に伸長すれば選択性の向上が期待できるのではないかと
考えた。しかしながら、dppb を配位子として同様の反応を試みたところ、予期に反してビ
シクロ[6.4.0]誘導体 57a の収率は 48%となり、収率の向上は認められなかった。シクロブチ
リデン誘導体 58a も 52%の収率で得られた(entry 5)。系統的な配位子の検討に加えて、芳香
環上にフッ素を導入したホスフィン配位子 60 を用いた反応も行ったが、反応時間の延長に
加えて、シクロブチリデン誘導体 58a の生成が主となる結果となった(entry 6)。 
次に、Murakamiらがβ炭素脱離反応 12の検討で使用しているロジウム種 20を触媒として、
その反応性を精査した。まず、10mol%の Rh(dppm)2Cl と窒素雰囲気下、トルエン中 80°C で
加熱したところ、主生成物としてシクロブチリデン誘導体 58a が 55%の収率で得られ、目的
のビシクロ[6.4.0]誘導体57aの収率は25%にとどまった(entry 7)。Rh(dppe)2Clとの反応では、
ビシクロ[6.4.0]誘導体 57a は全く得られず、シクロブチリデン誘導体 58a及び 56a の C-N 結
合の開裂したエンイン体 59 がそれぞれ 48%、50%の収率で生成した(entry 8)。一方、10mol%
の Rh(dppp)2Cl と窒素雰囲気下、トルエン中 80°C で加熱した時には、わずか 10 分で原料が
消失し、ビシクロ[6.4.0]誘導体 57a を最も高い収率(84%)で得ることができた(entry 9)。更に
炭素鎖の長い Rh(dppb)2Cl を添加して反応を行った際には、ビシクロ[6.4.0]誘導体 57a、シク




を用いた反応では、ビシクロ[6.4.0]誘導体 57a は得られるものの、収率は 30%にとどまり、
エンイン体 59 が 48%の収率で得られた(entry 11)。次に、Wilkinson 触媒、RhCl(CO)(PPh3)2、
[RhCl(cod)]2、[Rh(cod)2]BF4 をそれぞれ添加し反応を検討したが、閉環体 57a は 18-25%の低
収率でしか得られず、シクロブチリデン誘導体 58a が主生成物(48-81%)となった(entries 




58a が主生成物であった(entries 16 and 17)。最後に、ロジウム以外の触媒として[IrCl(cod)]2




Table 6: Rhodium(I)-catalyzed [6+2] cycloaddition reaction of 56aa. 

















64 23[RhCl(cod)]2, dppe (20 mol%), CO (= [RhCl(CO)dppe])
[RhCl(cod)]2, dppb (20 mol%), CO (= [RhCl(CO)dppb]2)
48 52
[RhCl(cod)]2, 60 (20 mol%), CO (= 61)
13 44









7 12Rh(dppm)2Cl 25 55 −
8 0.5Rh(dppe)2Cl − 48 50
9 0.2Rh(dppp)2Cl 84 16 −


















aReaction conditions: 0.025 M solution of allenylcyclobutane-alkyne 56a was 
treated with the RhI catalyst (10 mol%) in toluene under a nitrogen
atomosphere. bReaction was performed in 0.025 M solution of
dichloroethane. c57a (76%) and 58a (19%) were obtained with 5 mol% of









PPh3 (20 mol%), AgOTf (20 mol%)
RhCl(PPh3)3, AgOTf (10 mol%) 0.2 30 66
0.2 38 40
1b [RhCl(CO)2]2 40 520.2
18 7[IrCl(cod)]2 − 12
10 mol% 
RhI catalyst





















 上記の検討より、Rh(dppp)2Cl を添加して反応を行えば(entry 9)最も良好な結果が得られる
ことがわかった。本条件の収率及び選択性は、entry 2 と同程度とも考えられるが、
[RhCl(CO)dppp]2 を用いた検討よりも実質 entry 9 では 1/2倍量のロジウムしか使用していな
い。5mol%の[RhCl(CO)dppp]2 を用いた条件では目的物 57a の収率が 76%に低下したことを
考慮すると、Rh(dppp)2Cl が最も適した触媒といえる。そこで Rh(dppp)2Cl を用いて、触媒量
の減量化及び反応溶媒の検討を行った(Table 7)。Entry 1 には先に見出した条件の結果を示し
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た(entry 1)。まず、触媒量を 5mol%に減量して 80°C で加熱したところ、反応時間 10 分で原
料が消失し、ビシクロ[6.4.0]誘導体 57a を収率 68%で与えた(entry 2)。さらに 2.5mol%まで
Rh(dppp)2Clを減量したところ、目的のビシクロ[6.4.0]誘導体 57aの収率は 64%となり、5mol%
の際と同程度の収率であったが、反応完結に 10 時間を要し、副生するシクロブチリデン誘
導体 58a の収率が 31%に増大した(entry 3)。収率は若干低下するものの、5mol%の触媒量で
も短時間で反応が完結したことから、触媒量を 5mol%に固定し、反応溶媒の検討を行った。
まず、1,4-ジオキサン中 80°C に加熱したところ、10 分で反応が終結し、87%の収率でビシ
クロ[6.4.0]誘導体 57a が得られた(entry 4)。次に、ジクロロエタン中で反応を検討したが、
ビシクロ[6.4.0]誘導体 57a は低収率(25%)でしか得られず、エンイン体 59 が 52%の収率で生
成した(entry 5)。 
以上の結果から、ACB-アルキン体を基質とする分子内[6+2]環化付加反応の最適条件を窒
素雰囲気下、5mol%の Rh(dppp)2Cl と 1,4-ジオキサン中 80°C で加熱する条件に設定した。 
Table 7: Rhodium(I)-catalyzed [6+2] cycloaddition reaction of 29aa. 













aReaction conditions: 0.025 M solution of allenylcyclobutane-alkyne 56a was
treated with Rh(dppp)2Cl  in solvent under a nitrogen atomosphere. bReaction 







































種々の ACB-アルキン体 56b-f の分子内[6+2]環化付加反応を検討した(Table 8)。まず、アル
キン末端 R に nBu 基を導入し、側鎖 X に NTs 基を有する ACB-アルキン体 56b を先の最適
条件に付したところ、目的のビシクロ[6.4.0]誘導体 57b は全く得られず、シクロブチリデン
誘導体 58b が 47%の収率で単一成績体として得られた(entry 1)。一方、アルキン末端 R が無
置換で、側鎖 X に酸素原子を有する ACB-アルキン体 56c では、目的のビシクロ[6.4.0]誘導
体 57c が 82%の高収率で得られた(entry 2)。また、側鎖にビスメトキシカルボニル基を有す
る ACB-アルキン体 56d や、ジメチルアセタール誘導体を有する ACB-アルキン体 56e を用




側鎖が単純なメチレンで連結された ACB-アルキン体 56f を基質とした際は、ビシクロ[6.4.0]
誘導体 57f とシクロブチリデン誘導体 58f を単離することが困難であったが、1H NMR のス
ペクトルから 57f と 58f が 3:1 の比率で生成していることが明らかとなった(entry 5)。 
















H 0.5 46 21
5 H 0.2CH2 not isolated (57f:58f = 3:1)b
aReaction conditions: 0.1 M solution of allenylcyclobutane-alkyne 56 was 
treated with Rh(dppp)2Cl in 1,4-dioxane under a nitrogen atomosphere.



































[5+2]環化付加反応の機構に準ずれば、本反応においても figure 21 に示すような経路 a及び b
の 2 経路が想定される。もし、アレニルシクロブタン部がまずロジウムに酸化的付加してπ
アリル-σアルキル-ロジウム錯体 II を形成する a の経路で反応が進行しているとすれば、三
重結合の挿入を伴わないシクロヘキセニリデン誘導体 62 が副生する可能性があるが、その

















































 まず、scheme 3 の合成法に従い、[6+2]環化付加反応の基質となるシクロブタンの 1 位に
置換基を導入した各種 ACB-アルキン体を合成した(Scheme 4)。即ち、ジイン体 45a-f,i16 とア
ルデヒド体 63a-d21 とをカップリングさせ、対応するプロパルギルアルコール誘導体 64a-j
を 49-83%の収率で得た後、得られたプロパルギルアルコール誘導体 64a-j から二工程で対応












, R1 = H
X
R1
45a: X = NTs, R1 = H
45i: X = NTs, R1 = nBu
45b: X = C(CO2Me)2, R1 = H
45c: X = O, R = H
R1
R1
45e: X = C(SO2Ph)2, R1 = H
R2
CHO
63a: R2 = Me
63b: R2 = nBu
63c: R2 = CH2OBn







, R1 = H, R2 = Me
64a: X = NTs, R1 = H, R2 = Me
64e: X = NTs, R1 = nBu, R2 = Me
64g: X = C(CO2Me)2, R1 = H, R2 = Me
64f: X = O, R = H, R2 = Me
64h: X = C(SO2Ph)2, R1 = H, R2 = Me
64b: X = NTs, R1 = H, R2 = nBu
64c: X = NTs, R1 = H, R2 = CH2OBn





, R1 = H, R2 = Me
65a: X = NTs, R1 = H, R2 = Me
65e: X = NTs, R1 = nBu, R2 = Me
65g: X = C(CO2Me)2, R1 = H, R2 = Me
65f: X = O, R = H, R2 = Me
65h: X = C(SO2Ph)2, R1 = H, R2 = Me65b: X = NTs, R1 = H, R2 = nBu
65c: X = NTs, R1 = H,  R2 = CH2OBn
65d: X = NTs, R1 = H,  R2 = CO2Et
45d: X = CH2, R = H
64j: X = CH2, R = H, R2 = Me
65j: X = CH2, R1 = H, R2 = Me
Reaction conditions: a) LHMDS, 63a-d, THF, -78 °C, 64a (74%), 64b (75%), 64c (67%), 
64d (49%), 64e (70%), 64f (76%), 64g (56%), 64h (73%), 64i (64%), 64j, (83%);
b) PhSCl, Et3N, THF, c) mCPBA, CH2Cl2, 0 °C, 65a (77%), 65b (75%), 65c (92%),






第六節 シクロブタンの 1 位に置換基を有する ACB-アルキン体を基質とする分子内[6+2]
環化付加反応 
 合成した各種 ACB-アルキン体 65a-j を用いて[6+2]環化付加反応の検討を行った(Table 9)。
まず、シクロブタンの 1 位に Me 基を導入し、側鎖 X に NTs 基を有する ACB-アルキン体 65a
を、窒素雰囲気下 5mol%の Rh(dppp)2Cl と 1,4-ジオキサン中 80°C で加熱したところ、10 分
で反応は終了し、期待した通りビシクロ[6.4.0]誘導体 66a のみがほぼ定量的(98%)に得られ
た(entry 1)。次に、Me 基より立体的にかさ高い nBu 基や CH2OBn 基、CO2Et 基をシクロブタ
ンの 1 位に導入した ACB-アルキン体 65b-d を用いたところ、反応時間の延長が認められる
ものの、いずれも対応するビシクロ[6.4.0]誘導体 66b-d のみを 67-85%の収率で与えた(entries 
2-4)。アルキン末端 R1 に nBu 基を有し、シクロブタンの 1 位に Me 基を持つ ACB-アルキン
体 65e をより高温の還流条件で処理すると、ビシクロ[6.4.0]誘導体 66e が 91%の収率で得ら
れることも見出した(entry 5)。シクロブタンの 1 位の置換基を Me 基に固定し、側鎖 X に酸
素原子や各種炭素ユニットを有する ACB-アルキン体 65f-j に同条件を適用した場合にも、
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対応するビシクロ[6.4.0]誘導体 66f-j のみが 71%-定量的に得られた。 
 以上、シクロブタンの 1 位に置換基を導入した各種 ACB-アルキン体 65 を用いた分子内
[6+2]環化付加反応では、選択的かつ高収率でビシクロ[6.4.0]誘導体 66 の合成が可能となっ
た。 


























aReaction conditions: 0.1 M solution of alkyne-allenylcyclobutane 35 was 











7 MeH 2 8680O
3 NTs CH2OBnH 5 8580
8 C(SO2Ph)2 MeH 3 92reflux






















レン前駆体 68a,b へそれぞれ 58%、75%の収率で変換した。次いで、PhSCl及び mCPBA と





Reaction conditions: a) LHMDS, cyclobutanecarboxaldehyde or 63a, THF, -78 °C, 68a (58%), 
68b (75%); b) PhSCl, Et3N, THF, c) mCPBA, CH2Cl2, 0 °C,  69a (87%), 69b (89%).
b, ca
67 68a: R = H
68b: R = Me
69a: R = H
69b: R = Me
 
Scheme 5 
シクロブタンの 1 位に水素原子を有する ACB-アルキン体 69a を、窒素雰囲気下 5mol%の
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Rh(dppp)2Cl と 1,4-ジオキサン中 80°C で加熱したところ、10 分で反応は終了した(Table 10, 
entry 1)。しかし、第三節のメチレン側鎖の ACB-アルキン体 56f を基質とした際と同様に、
シクロブチリデン誘導体 71 も生成し、70a と 71 を単離することが困難であった。70a と 71
の混合物の
1H NMR の解析から、70a と 71 が 1:1 の比率で生成していると判定した。次に、
シクロブタンの 1 位に Me 基を導入した ACB-アルキン体 69b を用いたところ、反応時間の
延長が認められたが、予期した通り、対応するビシクロ[6.3.0]誘導体 70b のみを定量的に与
えた(entry 2)。 
















2 Me 1 quant. −
1 H not isolated (70a:71 = 1:1)b
aReaction conditions: 0.1 M solution of allenylcyclobutane-alkyne 69 
was treated with Rh(dppp)2Cl in 1,4-dioxane under a nitrogen













キン体 72 はプロパルギルアルコール誘導体 64a の 2級水酸基のメシル化とそれに引き続く














ACB-アルキン体 72 を分子内[6+2]環化付加反応の最適条件下、即ち、窒素雰囲気下 5mol%
の Rh(dppp)2Cl と 1,4-ジオキサン中 80°C で加熱したところ、反応は 30 分で完結し、対応す





































究に着手した。反応の基質となる ACP-アルケン体 76a-g は、前章までの合成法と同様に、
対応するエンイン体 74a-g22 から誘導したプロパルギルアルコール体 75a-g を PhSCl との反







Reaction conditions: a) LHMDS, cyclopropanecarboxaldehyde, THF, -78 °C, 75a (95%), 
75b (70%), 75c (75%), 75d (62%), 75e (94%), 75f (87%), 75g (92%); b) PhSCl, Et3N,
THF, -78 °C; c) mCPBA, CH2Cl2, 0 °C, 76a (84%), 76b (78%), 76c (47%), 76d (32%),
76e (12%), 76f (55%), 76g (45%).
a
74a: X = NTs
74b: X = C(CO2Me)2




74e: X = CH2
74f: X = NNs
74g: X = O
74d: X =
75a: X = NTs
75b: X = C(CO2Me)2




75e: X = CH2
75f: X = NNs
75g: X = O
75d: X =
76a: X = NTs
76b: X = C(CO2Me)2




76e: X = CH2
76f: X = NNs







て検討することとした(Table 11)。76a をトルエン中 10mol%の[RhCl(CO)2]2 と 80°C で 3時間
加熱したところ、予期したビシクロ[5.4.0]誘導体 A は全く得られず、連続した二つのシスメ
チル基を有するビシクロ[4.3.0]誘導体 77a が 61%の収率で得られた(entry 1)。また、ACP-ア
ルキン体と同様、副生成物としてシクロペンテニリデン誘導体 78a が収率 7%で生成した。
溶媒にジクロロエタンを用いた際には収率の改善は確認されなかった(77a:59%, 78a:10%)が、
1,4-ジオキサンを用いた場合は、77a が収率 64%、78a が収率 12%で得られ、トルエンを用






























aReaction conditions: 0.1 M solution of
allenylcyclopropane-alkene 76a  was treated with 










次に、側鎖にビスメトキシカルボニル基を有する ACP-アルケン体 76b を上記の検討で最
も良好な結果を与えた条件(10mol%の[RhCl(CO)2]2 と 1,4-ジオキサン中 80°C で加熱)に付し
たところ、77a と同じ立体構造を有するビシクロ[4.3.0]誘導体 77b が 57%の収率で得られた
(Table 12, entry 1)。76b の環化反応では、対応するシクロペンテニリデン誘導体 78b が副生
しなかったため、以降の触媒検討を ACP-アルケン体 76b を用いて行うこととした。ACP-
アルキン体の分子内[5+2]環化付加反応で良好な結果を与えたもう一方のロジウム触媒であ
る[RhCl(CO)dppp]2 を用いると、[RhCl(CO)2]2 と同程度の収率(55%)で 77b が生成したが、シ











































aReaction conditions: 0.1 M solution of
allenylcyclopropane-alkene 76b  was treated with the RhI 















続いて、本反応の適用範囲を調べる目的で ACP-アルケン体の側鎖 X を変えた基質 76c-g
を用いて、環化付加反応の検討を行った(Table 13)。側鎖 X にビスメトキシメチル基を有す
る ACP-アルケン体 76c を前節で見出した最適条件に付したところ、期待通りビシクロ[4.3.0]
誘導体 77c が 71%の収率で得られた(entry 1)。この際、シクロペンテニリデン誘導体 78c が
収率 3%で副生した。環状アセタール部を有する ACP-アルケン体 76d を用いると、54%の収
率でビシクロ[4.3.0]誘導体 6d が生成した(entry 2)。置換基効果がない単純なメチレン基を側
鎖 X に有する ACP-アルケン体 76e を用いた場合も 34%の収率でビシクロ[4.3.0]誘導体 77e
が得られた(entry 3)。なおこの際、触媒上の一酸化炭素が挿入して生成したと考えられるシ
クロヘキセノン誘導体 79 が 19%の収率で副生した。側鎖 X に NNs 基を有する 76f では、収
率 45%でビシクロ[4.3.0]誘導体 77f が得られ、収率 23%でシクロペンテニリデン誘導体 78f
の副生が確認された(entry 4)。一方、酸素原子を側鎖に有する ACP-アルケン体 76g では目的
































aReaction conditions: 0.1 M solution of allenylcyclopropane-alkene 
76 was treated with 10 mol% of [RhCl(CO)2]2 in 1,4-dioxane




























第二節 ビニル基を有する ACP-アルケンを基質とする環化付加反応 
ビシクロ[4.3.0]誘導体 77 の五員環構築は、ACP-アルケン体 76 のアリル基が内部オレフィ
ンに異性化した後、元のアリル位 sp3 炭素(異性化後は sp2 炭素)とアレン sp 炭素との間で炭
素-炭素結合反応が進行した結果だと考えるのが妥当のように思われた。そこで、内部オレ
フィンを有する ACP-アルケン体を用いて環化付加反応を検討することとし、基質の合成を
行った(Scheme 9)。マロン酸誘導体 80b,h,i23に HMPA 存在下 LDA を添加後、プロパルギル
ブロミドと反応させてエンイン体 81b,h,i を 7-36%の収率で合成した。81b の二つのエステ
ル基を水素化リチウムアルミニウムで還元してジオール体 82 へ収率 92%で導いた後、ヨウ
化メチル或いは 2,2-ジメトキシプロパンを用いて水酸基の保護を行い、エンイン体 81c,d を
それぞれ 74%、89%の収率で得た。また、81c のオレフィンのオゾン分解によりアルデヒド
体 83 を収率 86%で得た後、Wittig 反応を行い、(Z)-二重結合を有するエンイン体 81j を 78%
の収率で合成した。得られた各種エンイン体 81b-d,h-j をこれまでと同様、LHMDS と処理
した後にシクロプロパンカルボキシアルデヒドとのカップリングに付し、各種プロパルギル
アルコール誘導体 84b-d,h-j を収率 35-66%で得た。これらを、PhSCl を用いてスルフィニル





















Reaction conditions: a) LDA, HMPA, propargyl bromide, THF, -78 °C to rt, 81b (33%), 81h (26%),
81i (7%); b) LiAlH4, Et2O, 0 °C to rt, 82 (92%); c) NaH, MeI, THF, 0 °C to rt, 81c (74%);
d) O3, Sudan Red 7B, CH2Cl2, -78 °C then PPh3, 83 (86%); e) PPh3CH2CH3Br, tBuOK, THF, 0 °C 
to rt, 81j (78%); f) 2,2-dimethoxypropane, PPTS, CH2Cl2, rt, 81d (89%);
g) LHMDS, cyclopropanecarboxaldehyde, THF, -78 °C, 84b (60%), 84c (54%), 84d (66%),
84h (35%), 84i (40%), 84j (59%); h) PhSCl, Et3N, THF, -78 °C; i) mCPBA, CH2Cl2, 0 °C,
85b (77%), 85c (20%), 85d (80%), 85h (74%), 85i (41%), 85j (8%).
a
80b: R1 = Me
80h: R1 = Et
80i: R1 = H
81b: R1 = Me
81h: R1 = Et


















81b-d,h-j 84b: X = C(CO2Me)2, R1 = Me, R2 = H










, R1 = Me, R2 = H
84h: X = C(CO2Me)2, R1 = Et, R2 = H
84i: X = C(CO2Me)2, R1 =H, R2 = H
84j: X = C(CH2OMe)2, R1 = H, R2 = Me
85b: X = C(CO2Me)2, R1 = Me, R2 = H




85d: X = , R1 = Me, R2 = H
85h: X = C(CO2Me)2, R1 = Et, R2 = H
85i: X = C(CO2Me)2, R1 =H, R2 = H




側鎖にビスメトキシカルボニル基を有する ACP-(E)-アルケン体 85b を、窒素雰囲気下
10mol%の[RhCl(CO)2]2 と 1,4-ジオキサン中 80°C で加熱したところ、10 分で反応は終了し、
87%の収率でビシクロ[4.3.0]誘導体 77b が得られた(Table 14, entry 1)。アリル体 76b の環化で
は反応終了に 3時間を要し、しかも収率は 57%であったが、(E)-アルケン体 85b では著しい
反応時間の短縮(10 分)と収率の向上(87%)が認められた。ビスメトキシメチル基を側鎖に有
する ACP-アルケン体 85c では 88%の収率でビシクロ[4.3.0]誘導体 77c を与えた(entry 2)。ジ
メチルアセタール誘導体 85d を用いた場合は二つのビシクロ[4.3.0]誘導体が 97%(9%+88%)
の収率で生成した(entry 3)。即ち、反応過程で脱アセタール化が起こったビスヒドロキシメ
チル体 77d’が 88%の収率で主生成物として得られ、脱アセタール化が起こらなかった環化




るビシクロ[4.3.0]誘導体 77h が 73%の収率で得られた(entry 4)。また、R が無置換の ACP-ア
ルケン体 85i の場合にも反応が進行し、ビシクロ[4.3.0]誘導体 77i を 64%の収率で与えたこ
とから、本反応ではビニル基の末端に置換基は必須でないことも判明した。以上、(E)-アル
ケン及びビニル基を有する ACP-アルケン体 85b-d,h,i の環化付加反応では、良好な収率で完
全に立体を制御してビシクロ[4.3.0]誘導体を得ることができた。 



















aReaction conditions: 0.1 M solution of allenylcyclopropane-alkene 
85 was treated with 10 mol% of [RhCl(CO)2]2 in 1,4-dioxane































ACP-(Z)-アルケン体 85j を基質に用いて検討を行った(Scheme 10)。85j を 10mol%の






























水素化した[D4]85c、[D4]85j と ACP-アルケン体 76a のシクロプロパン部或いはアリル位の水
素を重水素化した[D4]76a、[D2]76a を用いて環化反応を行うこととし、それらの合成を行っ
た(Scheme 11)。まず、市販の 2,2’,3,3’-d4-シクロプロパンカルボン酸 86 を塩化オキサリル及
びジメチルホルムアミドと処理して重水素化されたシクロプロパンカルボニルクロリド 87
を調製した。また、エンイン体 81c、81d のアルキン末端に TMS 基を導入して 81c’、81d’
をそれぞれ 83%、84%で得た後、AlCl3 存在下、87 との Friedel-Crafts型反応 24 に付して重水
素化されたシクロプロパンを導入し、NaBH4 還元、PhSCl を用いたスルフィニルアレンへの
変換、(NH4)6Mo7O24・4H2O による酸化を連続的に行い、シクロプロパン部に重水素を有す
る ACP-アルキン体[D4]85c、[D4]85j をそれぞれ 51%、27%の収率で合成した。同様の手法に
より、シクロプロパン部が重水素化された ACP-アルキン体[D4]76a も、アルキン末端に TMS
基を有するエンイン体 74a’と 87 との Friedel-Crafts型反応、NaBH4 還元、PhSCl によるスル
フィニルアレンへ変換、mCPBA 酸化を連続的に行い 33%の収率で合成した。また、プロパ
ルギルトシルアミド 88とアリル位が重水素化されたアリルアルコール 89を光延反応により
連結してエンイン体[D2]74a を収率 27%で得た後、シクロプロピル基の導入と、PhSCl 処理


















81c': R1 = Me, R2 = H






[D4]85c: R1 = Me, R2 = H
[D4]85j: R1 = H, R2 = Me
TMS e, f, g, h •
PhO2S
Reaction conditions: a) (COCl)2, DMF, CH2Cl2, 0 °C to rt; b) LHMDS, TMSCl, THF, -78 °C, 81c'
(83%), 81j' (84%); c) DIAD, PPh3, THF, 0 °C to rt, [D2]74a (27%); d) LHMDS,
cyclopropanecarboxaldehyde, THF,  -78 °C, [D2]75a (63%); e) 87, AlCl3, CH2Cl2, 0 °C; f) NaBH4, 
CeCl3·7H2O, MeOH, -78 °C; g) PhSCl, Et3N, THF, -78 °C; h) 30% aq. H2O2,
(NH4)6Mo7O24·4H2O, EtOH, 0 °C to rt, [D4]85c (51%), [D4]85j (27%); i) mCPBA, CH2Cl2, 0 °C,



















81c: R1 = Me, R2 = H

















得られた ACP-(E)-アルケン体[D4]85c を 10mol%の[RhCl(CO)2]2 と窒素雰囲気下 1,4-ジオキ
サン中 80°C で加熱し、90%の収率で C4 位と C4 位メチル基が重水素化されたビシクロ[4.3.0]
誘導体[D4]77c を得た(Scheme 12)。ACP-(Z)-アルケン体[D4]85j を用いた場合には、四つの重



















































して、ローダシクロヘキセン中間体 I を形成する。I からβ水素脱離が進行してローダシク
ロヘキセン部の開環が起こりテトラエン中間体 II が生成する。次に II の sp2 炭素-ロジウム
結合の二重結合への挿入により、立体選択的に共役トリエン中間体 III が形成される。III
の sp3 炭素-ロジウム結合が、末端二重結合へ Ha の反対側の面から挿入してビシクロ[4.3.0]
中間体 IV となり、最後に還元的脱離によりビシクロ[4.3.0]誘導体 77 が得られる。一方、
ACP-(Z)-アルケン体 85 の場合も(E)-85 と同様の経路で反応が進行し、テトラエン中間体 II’
を最初に形成する。II’が II から III、IV を経る経路と同じように触媒サイクルに入ると仮
定すると、中間体 II’からは C5-epi-77(42 ページ参照)が得られるはずである。しかしながら
C5-epi-77 の生成は確認できず、(E)-85 からと同様、77 が一方的に生成した。そこで II’から
77 への変換過程を以下の様に推察した。即ち、中間体 II’のロジウム-水素結合が二重結合へ
挿入して六員環ローダサイクル中間体 V を形成し、炭素-炭素結合が回転した後に、β水素


























































た ACP-アルケン体[D4]76a を用いて反応を行った(Scheme 13)。即ち、窒素雰囲気下 10mol%
の[RhCl(CO)2]2 と 1,4-ジオキサン中 80°C で加熱したところ、C4 位に一つ、C4 位のメチル基
に二つ、C5 位のメチル基に一つ重水素が導入されたビシクロ[4.3.0]誘導体[D4]77a が 61%の
収率で得られた。一方、アリル位を重水素化した ACP-アルケン体[D2]76a では、収率 81%
























































ように進行したと推定した(Figure 23)。まず、figure 22 の中間体 I が得られる過程と同様に、
アレニルシクロプロパン部のロジウム触媒への酸化的付加によりローダシクロヘキセン中
間体 VII が形成される。Scheme 13 の反応において、重水素化されたシクロペンテニリデン
誘導体[D4]78a 及び[D2]78a が副生成物としてそれぞれ 13%、12%で得られていることから、
中間体 VII を経ていると推察するのは妥当であると言える。中間体 VII からβ水素(HA)脱離
が進行してテトラエン中間体 VIII となった後に、ロジウム-水素(HA)結合の二重結合への挿





























第四節 様々な ACP-アルケン体の環化付加反応 
次に、本反応の適用限界を見極めるために各種 ACP-アルケン体の合成を行った(Scheme 




アルコール誘導体 91a,b を収率 45%、90%で得た後、PhSCl及び mCPBA と処理してそれぞ
れ 62%、16%の収率で合成した。また、側鎖にジエステル基を有するプロパルギルアルコー
ル誘導体 84b にジエチルクロロホスファイトを反応させ、62%の収率でアレン上にホスホネ
ート基を有する ACP-アルケン体 93a を、また、IPNBSH を用いた脱酸素化を行うことによ
り 52%の収率で無置換アレンの ACP-アルケン体 93b を、更に水酸基のメシル化とそれに続
くキュプラートを用いる SN2’反応によって、アレン上にメチル基あるいはブチル基を有す

















93c: R3 = Me





Reaction conditions: a) LHMDS, cyclopropanecarboxaldehyde, THF, -78 °C, 91a (45%),
91b (90%); b) PhSCl, Et3N, THF, -78 °C; c) mCPBA, CH2Cl2, 0 °C, 92a (62%), 92b (16%);
d) P(OEt)2Cl, Et3N, THF, −78 °C to reflux, 93a (62%); e) IPNBSH, DEAD, PPh3, THF, 0 °C
to rt; f) TFE/water (1:1), 93b (52%); g) MsCl, Et3N, CH2Cl2, 0 °C; h) LiCl, R3Li, CuCN, THF, 













90a: R1 = Me, R2 = H
      or R1 = H, R2 = Me
90b: R1 = R2 = Me
91a: R1 = Me, R2 = H
      or R1 = H, R2 = Me
91b: R1 = R2 = Me
92a: R1 = Me, R2 = H
      or R1 = H, R2 = Me







否かを調べる目的で、2-ブテニル基を有する ACP-アルケン体 92a を用いて反応を行った
(Scheme 15)。E 体と Z 体の混合物(E:Z=7:1)の 92a を 10mol%の[RhCl(CO)2]2 と 1,4-ジオキサン
中 80°C で処理すると予想通りの反応が進行し、ビシクロ[4.3.0]誘導体 77h が 65%の収率で
得られた。この際、これまでとは二重結合の位置が異なるシクロペンテニリデン誘導体 94
が E 体と Z 体の混合物(E:Z=7:1)として 11%の収率で副生した。3-メチル-2-ブテニル基を有
する ACP-アルケン体 92b を用いても閉環反応が進行し、低収率(5%)ではあるがビシクロ











































ホスホネート基を有する ACP-アルケン体 93a を用いて反応を行うと、スルホニル基を有
する ACP-アルケン体と同様にビシクロ[4.3.0]誘導体 97a が 68%の収率で得られ、9%の収率
でシクロペンテニリデン誘導体 98a が副生した(Table 15, entry 1)。しかしながら、無置換ア















aReaction conditions: 0.1 M solution of allenylcyclopropane-
alkene 93 was treated with 10 mol% of [RhCl(CO)2]2 in 1,4-


































































































General. Melting points were measured with YANAGIMOTO micro melting point apparatus, and were 
uncorrected. Infrared spectra were measured with a SHIMADZU FTIR-8700 spectrometer for samples in 
CHCl3. 1H NMR spectra were measured with JEOL, JNM-EX270, JNM-GSX-500, JNM-ECS400 or 
JNM-ECA600 spectrometers for samples in chloroform-d (CDCl3), benzene-d6 (C6D6) using either 
tetramethylsilane (for compound with a phenyl group), CHCl3 (7.26 ppm), C6H6 (7.16 ppm) as an internal 
reference. 13C NMR spectra were measured with JEOL, JNM-EX270, JNM-GSX-500, JNM-ECS400 or 
JNM-ECA600 spectrometers for samples in CDCl3 (77.0 ppm) as an internal reference. High-resolution mass 
spectra with JEOL JMS-AX5(EI), JMS-SX102A (FAB) or JMS-T100TD (DART) mass spectrometers, and 
mass spectra with JMS-SX102A (FAB) or JMS-T100TD (DART) mass spectrometers. Single-crystal X-ray 
diffraction was measured with R-AXIS RAPID II. Commercially available anhydrous Et2O, THF, CH2Cl2 and 
toluene were employed for reactions. Et3N, iPr2NH were distilled from CaH2. DMF was distilled from CaSO4. 
Silica gel (Silica gel 60 N, 40-50 µm, Kanto Chemical) was used for chromatography. All reactions were 
carried out under N2 atmosphere unless otherwise stated. Organic extracts were dried over Na2SO4. 
 
Chapter 1 
General procedure for preparation of propargylalcohol 46a,c-k, 46’l,m. 
To a solution of diyne 45 (1.0 mmol) in THF (10 mL) was added LHMDS (1.0 M solution in THF, 1.2 mL, 
1.2 mmol) or nBuLi (1.0 M solution in hexane, 0.8 mL, 1.5 mmol) at -78 °C. After stirring for 30 minutes, 
cyclopropanecarboxaldehyde (1.4 mmol) was added at the same temperature, and the reaction mixture was 
further stirred for 5 minutes at the same temperature. The reaction mixture was quenched by addition of 
saturated aqueous NH4Cl, and the mixture was extracted with AcOEt. The extract was washed with water and 
brine, dried, and concentrated to dryness. The residue was chromatographed with hexane-AcOEt to afford the 
corresponding propargylalcohol 46 and 46’. Chemical yields are summarized in Scheme 1. 
 
N-(4-Cyclopropyl-4-hydroxy-2-butynyl)-N-(2-propynyl)-4-methylbenzenesulfonamide (46a). 
Compound 46a was colorless crystals: IR 3593, 3308, 1352, 1163 cm-1; 1H NMR δ 7.72 (d, 2H, J = 8.4 Hz), 
7.31 (d, 2H, J = 8.4 Hz), 4.20 (d, 2H, J = 2.0 Hz), 4.13 (d, 2H, J = 2.4 Hz), 4.03 (m, 1H), 2.43 (s, 3H), 2.16 (t, 
1H, J = 2.4 Hz), 1.13-1.07 (m, 1H), 0.53-0.43 (m, 2H), 0.31-0.26 (m, 2H); 13C NMR δ 144.0, 135.1, 129.5, 
127.8, 84.8, 77.1, 76.2, 74.0, 65.3, 36.4, 36.2, 21.5, 16.8, 3.1, 1.4; MS m/z 317 (M+, 11.9); HRMS calcd for 
C17H19NO3S 317.1086, found 317.1084. 
 
4-Cyclopropyl-4-hydroxy-2-butynyl 2-Propynyl Ether (46c). 
Compound 46c was a colorless oil: IR 3595, 3431, 3306 cm-1; 1H NMR δ 4.30 (d, 2H, J = 1.7 Hz), 4.25 (d, 2H, 
J = 2.4 Hz), 4.22-4.21 (m, 1H), 2.48-2.47 (m, 2H), 1.28-1.22 (m, 1H), 0.60-0.52 (m, 2H), 0.48-0.42 (m, 2H); 
13C NMR δ 86.0, 79.7, 78.7, 75.0, 65.5, 56.6, 56.3, 17.0, 3.1; MS m/z 164 (M+, 1.4); HRMS calcd for 




Compound 46d was a colorless oil: IR 3597, 3427, 3308 cm-1; 1H NMR δ 4.21-4.20 (m, 1H), 2.34 (td, 2H, J = 
7.1, 2.0 Hz), 2.30 (td, 2H, J = 7.1, 2.7 Hz), 2.07 (brs, 1H), 1.97 (t, 1H, J = 2.7 Hz), 1.75-1.70 (m, 2H), 
1.25-1.19 (m, 1H), 0.57-0.49 (m, 2H), 0.48-0.43 (m, 1H), 0.43-0.38 (m, 1H); 13C NMR δ 84.3, 83.4, 79.6, 




Compound 46e was colorless crystals: IR 3583, 3308, 1337, 1313, 1151 cm-1; 1H NMR δ 8.22-8.20 (m, 4H), 
7.76-7.72 (m, 2H), 7.62-7.59 (m, 4H), 4.23 (m, 1H), 3.27-3.26 (m, 2H), 3.23-3.22 (m, 2H), 2.21 (t, 1H, J = 2.7 
Hz), 1.95 (brs, 1H),1.27-1.20 (m, 1H), 0.59-0.45 (m, 4H); 13C NMR δ 135.99, 135.97, 135.0, 131.6, 128.7, 
87.3, 85.1, 76.9, 75.5, 74.5, 65.6, 20.9, 20.7, 17.0, 3.0, 1.4; FABMS m/z 465 (M++23, 100.0); FABHRMS 
calcd for C23H22NaO5S2 465.0806, found 465.0807. 
 
5-(4-Cyclopropyl-4-hydroxy-2-butynyl)-2,2-dimethyl-5-(2-propynyl)-1,3-dioxane (46f). 
Compound 46f was a colorless oil: IR 3595, 3437, 3308 cm-1; 1H NMR δ 4.22-4.20 (m, 1H), 3.77 (d, 2H, J = 
11.7 Hz), 3.75 (d, 2H, J = 11.7 Hz), 2.44 (d, 2H, J = 2.0 Hz), 2.41 (d, 2H, J = 2.7 Hz), 2.10, (brs, 1H), 2.05 (t, 
1H, J = 2.7 Hz), 1.42 (s, 6H), 1.26-1.19 (1H, m), 0.59-0.50 (m, 2H), 0.47-0.38 (m, 2H); 13C NMR δ 98.2, 82.2, 
80.7, 79.8, 71.4, 65.89, 65.88, 65.7, 35.2, 23.9, 23.5, 22.9, 22.8, 17.3, 3.2, 1.4; FABMS m/z 285 (M++23, 
67.3);. FABHRMS calcd for C16H22NaO3 285.1467, found 285.1469. 
 
2-(4-Cyclopropyl-4-hydroxy-2-butynyl)-2-(2-propynyl)malononitrile (46g). 
Compound 46g was a yellow oil: IR 3601, 3416, 3308, 2399 cm-1; 1H NMR δ 4.23 (m, 1H), 3.07 (d, 2H, J = 
2.0 Hz), 3.03 (d, 2H, J = 2.7 Hz), 2.42 (t, 1H, J = 2.7 Hz), 2.39 (brs, 1H), 1.28-1.21 (m, 1H), 0.61-0.51 (m, 
2H), 0.50-0.41 (m, 2H); 13C NMR δ 113.6, 86.5, 75.8, 75.0, 73.9, 65.6, 36.2, 27.7, 27.4, 17.1, 3.3, 1.6; 




Compound 46h was colorless crystals: IR 3595, 2179, 1352, 1163 cm-1; 1H NMR δ 7.70 (d, 2H, J = 8.3 Hz), 
7.29 (d, 2H, J = 8.3 Hz), 4.15-4.14 (m, 4H), 4.07 (dt, 1H, J = 6.3, 1.7 Hz), 2.41 (s, 3H), 1.76 (s, 1H), 1.15-1.08 
(m, 1H), 0.54-0.42 (m, 2H), 0.34-0.28 (m, 2H), 0.05 (s, 9H); 13C NMR δ 143.8, 135.4, 129.5, 127.9, 97.4, 91.2, 
84.5, 77.6, 65.4, 37.2, 36.4, 21.5, 16.8, 3.0, 1.4, -0.4; MS m/z 389 (M+, 0.4); HRMS calcd for C20H27NO3SSi 
389.1481, found 389.1479. 
 
N-(4-Cyclopropyl-4-hydroxy-2-butynyl)-N-(2-heptynyl)-4-methylbenzenesulfonamide (46i). 
Compound 46i was colorless crystals: IR 3587, 1352, 1163 cm-1; 1H NMR δ 7.72 (d, 2H, J = 8.3 Hz), 7.30 (d, 
2H, J = 8.3Hz), 4.16 (s, 2H), 4.11 (s, 2H), 4.06 (t, 1H, J = 5.9 Hz), 2.42 (s, 3H), 2.05-2.00 (m, 2H), 1.78 (d, 
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1H, J = 5.9 Hz), 1.34-1.24 (m, 4H), 1.15-1.07 (m, 1H), 0.87 (t, 3H, J =7.1 Hz), 0.53-0.43 (m, 2H), 0.30-0.29 
(m, 2H); 13C NMR δ 143.6, 135.5, 129.4, 127.9, 86.5, 84.2, 77.7, 72.0, 65.4, 36.8, 36.3, 30.4, 21.8, 21.5, 18.2, 
16.8, 13.5, 3.1, 1.4; FABMS m/z 396 (M++23, 100.0); FABHRMS calcd for C21H27NNaO3S 396.1609, found 
396.1608. 
 
Dimethyl 2-(4-Cyclopropyl-4-hydroxy-2-butynyl)-2-(3-trimethylsilyl-2-propynyl)malonate (46j). 
Compound 46j was a colorless oil: IR 3595, 3489, 2179, 1738 cm-1; 1H NMR δ 4.23 (dt, 1H, J = 6.1, 2.0 Hz), 
3.72 (s, 6H), 2.95 (d, 2H, J = 2.0 Hz), 2.93 (s, 2H), 2.14 (s, 1H), 1.20-1.13 (m, 1H), 0.53-0.43 (m, 2H), 
0.42-0.38 (m, 1H), 0.37-0.32 (m, 1H), 0.10 (s, 9H); 13C NMR δ 169.10, 169.09, 100.6, 88.5, 82.1, 79.6, 65.4, 
56.9, 52.9, 24.1, 22.9, 16.9, 3.0, 1.2, -0.2; MS m/z 350 (M+, 9.3); HRMS calcd for C18H26O5Si 350.1550, 
found 350.1541. 
 
Dimethyl 2-(4-Cyclopropyl-4-hydroxy-2-butynyl)-2-(2-heptynyl)malonate (46k). 
Compound 46k was a colorless oil: IR 3595, 3528, 1738 cm-1; 1H NMR δ 4.25 (dt, 1H, J = 6.1, 2.0 Hz), 3.74 
(s, 6H), 2.97 (d, 2H, J = 2.0 Hz), 2.89 (t, 2H, J = 2.4 Hz), 2.11 (tt, 2H, J = 6.8, 2.4 Hz), 1.83 (brs, 1H), 
1.45-1.32 (m, 4H), 1.21-1.15 (m, 1H), 0.89 (t, 3H, J = 7.1 Hz), 0.55-0.35 (m, 4H); 13C NMR δ 169.4, 84.0, 
82.0, 80.0, 73.8, 65.5, 57.0, 52.9, 30.9, 23.2, 22.9, 21.8, 18.3, 16.9, 13.5, 3.0, 1.2; FABMS m/z 357 (M++23, 




Compound 46’l was a colorless oil: IR 3589, 2176, 1350, 1161 cm-1; 1H NMR δ 7.76-7.73 (m, 2H), 7.33-7.30 
(m, 2H), 4.23 (d, 2H, J = 1.8 Hz), 3.95 (dt, 1H, J = 6.6, 1.8 Hz), 3.35 (t, 2H, J = 7.3 Hz), 2.55 (t, 2H, J = 7.3 
Hz), 2.42 (s, 3H), 1.11-1.00 (m, 1H), 0.53-0.39 (m, 2H), 0.28-0.21 (m, 2H), 0.14 (s, 9H); 13C NMR δ 143.6, 
136.1, 129.5, 127.6, 103.2, 86.8, 84.5, 77.9, 65.4, 45.5, 37.6, 21.5, 20.5, 16.8, 3.1, 1.4, -0.1; FABMS m/z 426 
(M++23, 87.8); FABHRMS calcd for C21H29NNaO3SSi 426.1535, found 426.1536. 
 
Dimethyl 2-(4-Cyclopropyl-4-hydroxy-2-butynyl)-2-(4-trimethylsilyl-3-butynyl)malonate (46’m). 
Compound 46’m was a yellow oil: IR 3589, 2176, 1734 cm-1; 1H NMR δ 4.24 (dt, 1H, J = 6.1, 2.0 Hz), 3.73 (s, 
6H), 2.85 (d, 2H, J = 2.0 Hz), 2.29-2.26 (m, 2H), 2.22-2.19 (m, 2H), 1.90 (s, 1H), 1.22-1.15 (m, 1H), 
0.55-0.46 (m, 2H), 0.45-0.40 (m, 1H), 0.39-0.35 (m, 1H), 0.13 (s, 9H); 13C NMR δ 170.2, 170.1, 105.4, 85.2, 
82.3, 79.6, 65.5, 56.5, 52.8, 31.3, 23.3, 17.0, 15.3, 3.0, 1.2, 0.0; FABMS m/z 387 (M++23, 71.6); FABHRMS 
calcd for C19H28NaO5Si 387.1604, found 387.1605. 
 
General procedure for preparation of propargylalcohol 46b,l,m. 
To a solution of diyne 46i and 46’l,m (1.0 mmol) in MeOH (1.0 mL) was added K2CO3 (1.5 mmol) at room 
temperature. Then the reaction mixture was stirred at the same temperature until complete disappearance of 
the starting material monitored by TLC. MeOH was evaporated off, and the residue was taken up with AcOEt, 
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which was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-AcOEt to afford the corresponding propargylalcohol 46b,l,m. Chemical yields 
are summarized in Scheme 1. 
 
Dimethyl 2-(4-Cyclopropyl-4-hydroxy-2-butynyl)-2-(2-propynyl)malonate (46b). 
Compound 46b was a colorless oil: IR 3595, 3308, 1740 cm-1; 1H NMR δ 4.26-4.25 (m, 1H), 3.77 (s, 6H), 
3.01 (d, 2H, J = 2.0 Hz), 2.96 (d, 2H, J = 2.7 Hz), 2.23 (s, 1H), 2.04 (t, 1H, J = 2.7 Hz), 1.23-1.16 (m, 1H), 
0.56-0.47 (m, 2H), 0.45-0.40 (m, 1H), 0.40-0.35 (m, 1H); 13C NMR δ 169.07, 169.06, 82.4, 79.3, 78.3, 71.7, 




Compound 46l was a colorless oil: IR 3593, 3308, 1350, 1161 cm-1; 1H NMR δ 7.76-7.72 (m, 2H), 7.33-7.30 
(m, 2H), 4.22 (d, 2H, J = 1.8 Hz), 3.94 (dt, 1H, J = 6.6, 1.8 Hz), 3.36 (t, 2H, J = 7.4 Hz), 2.52 (td, 2H, J = 7.4, 
2.6 Hz), 2.43 (s, 3H), 2.01 (t, 1H, J = 2.6 Hz), 1.11-0.99 (m, 1H), 0.53-0.38 (m, 2H), 0.27-0.16 (m, 2H); 13C 
NMR δ 143.7, 136.1, 129.6, 127.7, 84.7, 80.7, 77.9, 70.3, 65.4, 45.5, 37.6, 21.5, 19.1, 16.9, 3.1, 1.4; FABMS 
m/z 354 (M++23, 63.7); FABHRMS calcd for C18H21NNaO3S 354.1140, found 354.1137. 
 
Dimethyl 2-(3-Butynyl)-2-(4-cyclopropyl-4-hydroxy-2-butynyl)malonate (46m). 
Compound 23m was a pale yellow oil: IR 3595, 3308, 1734 cm-1; 1H NMR δ 4.23 (dt, 1H, J = 6.1, 2.0 Hz), 
3.74 (s, 6H), 2.86 (d, 2H, J = 2.0 Hz), 2.32-2.29 (m, 2H), 2.22-2.18 (m, 2H), 1.96 (t, 1H, J = 2.7 Hz), 1.85 (s, 
1H), 1.22-1.16 (m, 1H), 0.56-0.47 (m, 2H), 0.44-0.40 (m, 1H), 0.39-0.34 (m, 1H); 13C NMR δ 170.2, 82.8, 
82.4, 79.5, 69.0, 65.5, 56.4, 52.8, 31.2, 23.3, 17.0, 13.9, 3.0, 1.2; FABMS m/z 315 (M++23, 99.9); FABHRMS 
calcd for C16H20NaO5 315.1208, found 315.1214. 
 
General procedure for preparation of allenylcyclopropane-alkyne 47a-m. 
To a solution of alcohol 46 (1.0 mmol) and Et3N (5.0 mmol) in THF (20 mL) was gradually added PhSCl (3.0 
mmol) at -78 °C. After stirring for 1 h at the same temperature, the reaction mixture was quenched by addition 
of saturated aqueous NaHCO3, and the mixture was extracted with AcOEt. The extract was washed with water 
and brine, dried and concentrated to dryness. The residue was passed through a short pad of silica gel with 
hexane-AcOEt to afford the crude sulfoxide. To a solution of the crude sulfoxide in CH2Cl2 (5 mL) was added 
mCPBA (1.5 mmol) at 0 °C. After stirring for 30 min, the reaction mixture was quenched by addition of 
saturated aqueous Na2S2O3 and NaHCO3, and the mixture was extracted with CH2Cl2. The extract was washed 
with water and brine, dried, and concentrated to dryness. The residue was chromatographed with 
hexane-CH2Cl2 to afford the corresponding allenylcyclopropane-alkyne 47. Chemical yields are summarized 






Compound 47a was colorless crystals: IR 3308, 1956, 1917, 1354, 1163 cm-1; 1H NMR δ 7.94-7.91 (m, 2H), 
7.68-7.62 (m, 3H), 7.58-7.52 (m, 2H), 7.29-7.26 (m, 2H), 5.71 (dt, 1H, J = 8.1, 2.5 Hz), 4.15 (t, 2H, J = 2.5 
Hz), 3.91 (d, 2H, J = 2.5 Hz), 2.41 (s, 3H), 1.95 (t, 1H, J = 2.5 Hz), 1.36-1.23 (m, 1H), 0.90-0.77 (m, 2H), 
0.56-0.37 (m, 2H); 13C NMR δ 205.4, 143.8, 140.3, 135.5, 133.6, 129.5, 129.0, 128.1, 127.6, 110.0, 107.5, 
75.7, 74.3, 44.0, 36.1, 21.5, 8.8, 7.9, 7.7; MS m/z 441 (M+, 0.3); HRMS calcd for C23H23NO4S2 441.1069, 
found 441.1066. 
 
Dimethyl 2-(4-Cyclopropyl-2-phenylsulfonyl-2,3-butadienyl)-2-(2-propynyl)malonate (47b). 
Compound 47b was a colorless oil: IR 3308, 1956, 1738, 1317, 1151 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 
7.64-7.60 (m, 1H), 7.55-7.52 (m, 2H), 5.56 (dt, 1H, J = 8.3, 2.9 Hz), 3.71 (s, 3H), 3.69 (s, 3H), 3.14 (dd, 1H, J 
= 16.4, 2.9 Hz), 3.09 (dd, 1H, J = 16.4, 2.9 Hz), 2.88 (dd, 1H, J = 17.3, 2.7 Hz), 2.84 (dd, 1H, J = 17.3, 2.7 
Hz), 1.88 (t, 1H, J = 2.7 Hz), 1.30-1.23 (m, 1H), 0.88-0.75 (m, 2H) 0.48-0.41 (m, 2H); 13C NMR δ 204.0, 
169.03, 168.99, 140.0, 133.3, 128.9, 128.2, 109.8, 107.5, 78.1, 71.7, 56.1, 52.91, 52.89, 28.6, 22.4, 9.2, 7.7, 
6.8; MS m/z 402 (M+, 0.4); HRMS calcd for C21H22O6S 402.1137, found 402.1136. 
 
4-Cyclopropyl-2-phenylsulfonyl-2,3-butadienyl 2-Propynyl Ether (47c). 
Compound 47c was a colorless oil: IR 3306, 1954, 1317, 1151 cm-1; 1H NMR δ 7.93-7.91 (m, 2H), 7.63-7.60 
(m, 1H), 7.54-7.51 (m, 2H), 5.74 (dt, 1H, J = 7.8, 1.7 Hz), 4.39 (d, 2H, J = 1.7 Hz), 3.98 (d, 2H, J = 2.4 Hz), 
2.41 (t, 1H, J = 2.4 Hz), 1.36-1.29 (m, 1H), 0.85-0.81 (m, 2H), 0.47-0.45 (m, 2H); 13C NMR δ 206.0, 141.0, 
133.3, 128.8, 128.0, 111.0, 105.9, 78.5, 75.1, 65.4, 56.7, 8.7, 7.9, 7.6; MS m/z 288 (M+, 2.3); HRMS calcd for 
C16H16O3S 288.0820, found 288.0822. 
 
1-Cyclopropyl-3-phenylsulfonyl-1,2-octadien-7-yne (47d). 
Compound 47d was a colorless oil: IR 3308, 1958, 1315, 1150 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.52 (m, 2H), 5.64 (dt, 1H, J = 7.8, 3.2 Hz), 2.46-2.35 (m, 2H), 2.19 (td, 2H, J = 7.1, 2.7 Hz), 
1.92 (t, 1H, J = 2.7 Hz), 1.70-1.64 (m, 2H), 1.30-1.24 (m, 1H), 0.82-0.75 (m, 2H), 0.43-0.36 (m, 2H); 13C 
NMR δ 203.2, 140.2, 133.2, 128.9, 128.1, 114.2, 106.4, 83.2, 69.0, 26.4, 26.0, 17.6, 9.0, 7.7, 7.4; MS m/z 286 
(M+, 11.3). HRMS calcd for C17H18O2S 286.1028, found: 286.1033. 
 
1-Cyclopropyl-3,5,5-tris(phenylsulfonyl)-1,2-octadien-7-yne (47e). 
Compound 47e was colorless crystals: IR 3307, 1987, 1966, 1335, 1313, 1153 cm-1; 1H NMR δ 8.06-8.04 (m, 
2H), 8.01-7.99 (m, 2H), 7.89-7.86 (m, 2H), 7.73-7.69 (m, 2H), 7.65-7.61 (m, 1H), 7.58-7.51 (m, 6H), 5.53 (dt, 
1H, J = 8.8, 3.7 Hz), 3.43 (dd, 1H, J = 18.3, 3.7 Hz), 3.42 (dd, 1H, J = 18.3, 3.7 Hz), 3.31 (dd, 1H, J = 18.3, 
2.7 Hz), 3.28 (dd, 1H, J = 18.3, 2.7 Hz), 1.69 (t, 1H, J = 2.7 Hz), 1.46-1.39 (m, 1H), 0.86-0.78 (m, 2H), 
0.54-0.46 (m, 2H); 13C NMR δ 205.8, 140.0, 136.2, 136.1, 134.9, 133.4, 131.7, 131.5, 129.0, 128.8, 128.7, 
128.3, 108.7, 107.4, 88.2, 75.6, 73.8, 27.0, 20.0, 9.3, 7.4, 6.9; FABMS m/z 567 (M++1, 87.4); FABHRMS 




Compound 47f was a colorless oil: IR 3308, 1960, 1315, 1150 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 7.64-7.60 
(m, 1H), 7.55-7.52 (m, 2H), 5.55 (dt, 1H, J = 8.3, 2.7 Hz), 3.74-3.68 (m, 4H), 2.51 (d, 2H, J = 2.7 Hz), 2.46 (d, 
2H, J = 2.7 Hz), 1.88 (t, 1H, J = 2.7 Hz), 1.38 (s, 3H), 1.37 (s, 3H), 1.30-1.23 (m, 1H), 0.83-0.75 (m, 2H), 
0.47-0.38 (m, 2H); 13C NMR δ 204.7, 139.9, 133.3, 128.9, 128.3, 110.2, 106.2, 98.2, 80.0, 71.2, 66.2, 66.1, 
35.9, 29.5, 25.8, 22.0, 21.5, 9.2, 7.5, 6.8; FABMS m/z 409 (M++23, 15.0); FABHRMS calcd for C22H26NaO4S 
409.1450, found 409.1458. 
 
2-(4-Cyclopropyl-2-phenylsulfonyl-2,3-butadienyl)-2-(2-propynyl)malononitrile (47g). 
Compound 47g was a yellow oil: IR 3308, 2251, 1958, 1321, 1153 cm-1; 1H NMR δ 7.92-7.90 (m, 2H), 
7.70-7.66 (m, 1H), 7.59-7.56 (m, 2H), 5.79 (dt, 1H, J = 8.8, 3.2 Hz), 3.12 (dd, 1H, J = 16.1, 3.2 Hz), 3.06 (dd, 
1H, J = 16.1, 3.2 Hz), 3.03 (d, 2H, J = 2.7 Hz), 2.41 (t, 2H, J = 2.7 Hz), 1.44-1.38 (m, 1H), 0.94-0.81 (m, 2H), 
0.53-0.46 (m, 2H); 13C NMR δ 203.6, 139.0, 134.0, 129.3, 128.3, 113.49, 113.47, 111.5, 108.3, 76.0, 74.0, 





Compound 47h was colorless crystals: IR 2177, 1954, 1917, 1352, 1163 cm-1; 1H NMR δ 7.96-7.93 (m, 2H), 
7.67-7.61 (m, 3H), 7.58-7.52 (m, 2H), 7.28-7.25 (m, 2H), 5.74 (dt, 1H, J = 7.9, 2.3 Hz), 4.18 (dd, 1H, J = 15.2, 
2.3 Hz), 4.11 (dd, 1H, J = 15.2, 2.3 Hz), 3.87 (s, 2H), 2.41 (s, 3H), 1.37-1.24 (m, 1H), 0.89-0.77 (m, 2H), 
0.53-0.42 (m, 2H), -0.03 (s, 9H); 13C NMR δ 205.6, 143.6, 140.5, 135.6, 133.5, 129.5, 129.0, 128.1, 127.7, 
110.0, 107.1, 96.9, 91.6, 44.2, 36.9, 21.5, 8.8, 7.9, 7.7, -0.5; MS m/z 513 (M+, 0.2); HRMS calcd for 
C26H31NO4S2Si 513.1464, found 513.1467. 
 
N-(4-Cyclopropyl-2-phenylsulfonyl-2,3-butadienyl)-N-(2-heptynyl)-4-methylbenzenesulfonamide (47i). 
Compound 47i was colorless crystals: IR 1956, 1917, 1352, 1163 cm-1; 1H NMR δ 7.97-7.92 (m, 2H), 
7.68-7.61 (m, 3H), 7.59-7.52 (m, 2H), 7.28-7.25 (m, 2H), 5.72 (dt, 1H, J = 7.9, 2.6 Hz), 4.17 (dd, 1H, J = 15.2, 
2.6 Hz), 4.09 (dd, 1H, J = 15.2, 2.6 Hz), 3.84 (t, 2H, J = 2.0 Hz), 2.41 (s, 3H), 1.85 (tt, 2H, J = 6.9, 2.0 Hz), 
1.37-1.15 (m, 5H), 0.85-0.81 (m, 5H), 0.53-0.41 (m, 2H); 13C NMR δ 205.6, 143.4, 140.5, 135.8, 133.5, 129.4, 
129.0, 128.2, 127.7, 110.2, 107.3, 86.9, 71.5, 44.0, 36.6, 30.3, 21.8, 21.5, 18.0, 13.5, 8.8, 7.9, 7.7; FABMS m/z 




Compound 47j was colorless crystals: IR 2179, 1956, 1738, 1308, 1151 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 
7.63-7.59 (m, 1H), 7.53-7.50 (m, 2H), 5.51 (dt, 1H, J = 8.1, 2.9 Hz), 3.68 (s, 3H), 3.67 (s, 3H), 3.13 (dd, 1H, J 
= 16.1, 2.9 Hz), 3.08 (dd, 1H, J = 16.1, 2.9 Hz), 2.89 (d, 1H, J = 17.3 Hz), 2.85 (d, 1H, J = 17.3 Hz), 
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1.26-1.19 (m, 1H), 0.83-0.74 (m, 2H), 0.45-0.36 (m, 2H), 0.10 (s, 9H); 13C NMR δ 204.4, 169.2, 169.1, 140.1, 
133.3, 128.9, 128.2, 110.1, 107.3, 100.7, 88.7, 56.6, 52.84, 52.83, 28.7, 24.0, 9.2, 7.8, 7.0, -0.1; MS m/z 474 
(M+, 3.6); HRMS calcd for C24H30O6SSi 474.1532, found 474.1528. 
 
Dimethyl 2-(4-Cyclopropyl-2-phenylsulfonyl-2,3-butadienyl)-2-(2-heptynyl)malonate (47k). 
Compound 47k was a colorless oil: IR 1956, 1736, 1306, 1151 cm-1; 1H NMR δ 7.91-7.88 (m, 2H), 7.63-7.59 
(m, 1H), 7.54-7.51 (m, 2H), 5.53 (dt, 1H, J = 8.1, 2.9 Hz), 3.68 (s, 3H), 3.67 (s, 3H), 3.13 (dd, 1H, J = 16.1, 
2.9 Hz), 3.08 (dd, 1H, J = 16.1, 2.9 Hz), 2.84 (dt, 1H, J = 17.1, 2.4 Hz), 2.79 (dt, 1H, J = 17.1, 2.4 Hz), 2.04 
(tt, 2H, J = 6.8, 2.4 Hz), 1.42-1.30 (m, 4H), 1.28-1.22 (m, 1H), 0.88 (t, 3H, J = 7.1 Hz), 0.84-0.75 (m, 2H), 
0.47-0.39 (m, 2H); 13C NMR δ 204.3, 169.5, 169.4, 140.3, 133.2, 128.9, 128.3, 110.3, 107.3, 84.2, 73.7, 56.7, 
52.79, 52.77, 30.9, 28.7, 23.0, 21.8, 18.3, 13.5, 9.3, 7.8, 6.9; FABMS m/z 481 (M++23, 49.2); FABHRMS 
calcd for C25H30NaO6S 481.1661, found 481.1653. 
 
N-(3-Butynyl)-N-(4-cyclopropyl-2-phenylsulfonyl-2,3-butadienyl)-4-methylbenzenesulfonamide (47l). 
Compound 47l was a colorless oil: IR 3308, 1956, 1917, 1346, 1153 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 
7.68-7.65 (m, 1H), 7.59-7.55 (m, 4H), 7.25-7.24 (m, 2H), 5.45 (dt, 1H, J = 8.3, 2.9 Hz), 4.19 (d, 2H, J = 2.9 
Hz), 3.30 (dt, 1H, J = 14.9, 7.6 Hz), 3.20 (dt, 1H, J = 14.9, 7.6 Hz), 2.42 (s, 3H), 2.31 (td, 2H, J = 7.6, 2.7 Hz), 
1.90 (t, 1H, J = 2.7 Hz), 1.27-1.20 (m, 1H), 0.84-0.77 (m, 2H), 0.49-0.36 (m, 2H); 13C NMR δ 204.8, 143.6, 
140.1, 136.7, 133.7, 129.7, 129.2, 128.1, 127.2, 110.9, 108.1, 80.6, 70.3, 46.7, 45.6, 21.5, 18.9, 8.9, 7.8, 7.2; 
MS m/z 455 (M+, 0.4); HRMS calcd for C24H25NO4S2 455.1225, found 455.1220. 
 
Dimethyl 2-(3-Butynyl)-2-(4-cyclopropyl-2-phenylsulfonyl-2,3-butadienyl)malonate (47m). 
Compound 47m was a colorless oil: IR 3308, 1956, 1734, 1308, 1151 cm-1; 1H NMR δ 7.90-7.87 (m, 2H), 
7.65-7.61 (m, 1H), 7.56-7.53 (m, 2H), 5.49 (dt, 1H, J = 8.3, 2.9 Hz), 3.68 (s, 3H), 3.67 (s, 3H), 3.00 (dd, 1H, J 
= 16.4, 2.9 Hz), 2.97 (dd, 1H, J = 16.4, 2.9 Hz), 2.25-2.15 (m, 2H), 2.10-2.06 (m, 2H), 1.91 (t, 1H, J = 2.4 Hz), 
1.29-1.22 (m, 1H), 0.86-0.77 (m, 2H), 0.45-0.38 (m, 2H); 13C NMR δ 204.1, 170.1, 170.0, 139.9, 133.5, 129.1, 
128.3, 109.9, 107.6, 82.8, 68.8, 56.1, 52.68, 52.65, 30.7, 28.9, 13.8, 9.4, 7.8, 6.9; FABMS m/z 439 (M++23, 
84.7); FABHRMS calcd for C22H24NaO6S 439.1191, found 439.1188. 
 
N-(4-Cyclopropyl-2-methyl-2,3-butadienyl)-N-(2-propynyl)-4-methylbenezenesulfonamide (47n). 
To a solution of alcohol 46a (40.9 mg, 0.129 mmol) in CH2Cl2 (1.3 mL) was added Et3N (0.28 mL, 2.0 mmol) 
and MsCl (0.10 mL, 1.3 mmol) at 0 °C. After stirring for 30 min at 0 °C, the reaction mixture was quenched 
by addition of saturated aqueous NaHCO3, and the mixture was extracted with CH2Cl2. The extract was 
washed with water and brine, dried and concentrated to dryness. The residue was passed through a short pad 
of silica gel with hexane-AcOEt (3:1) to afford the crude mesylate. To a solution of CuCN (30 mg, 0.34 
mmol), and LiCl (29 mg, 0.67 mmol) in THF (2.0 mL) was gradually added MeLi (1.1 M solution in Et2O, 
0.31 mL, 0.34 mmol) at -78 °C. The reaction mixture was warmed to -20 °C for 5 min, then the reaction 
mixture was cooled to -78 °C again, and the crude mesylate was gradually added to the reaction mixture. After 
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stirring for 30 min, the reaction mixture was quenched by addition of saturated aqueous NH4Cl, and the 
mixture was extracted with AcOEt. The extract was washed with water and brine, dried, and concentrated to 
dryness. The residue was chromatographed with hexane-AcOEt (10:1) to afford allenylcyclopropane-alkyne 
47n as a colorless oil (20.8 mg, 51%): IR 3308, 1965, 1917, 1348, 1161 cm-1; 1H NMR δ 7.76-7.71 (m, 2H), 
7.30-7.26 (m, 2H), 4.98-4.90 (m, 1H), 4.19-4.04 (m, 2H), 3.79 (dd, 1H, J = 13.7, 2.1 Hz), 3.72 (dd, 1H, J = 
13.7, 2.1 Hz), 2.42 (s, 3H), 1.96 (t, 1H, J = 2.3 Hz), 1.70 (d, 3H, J = 3.0 Hz), 1.25-1.12 (m, 1H), 0.73-0.60 (m, 
2H), 0.33-0.28 (m, 2H); 13C NMR δ 202.6, 143.3, 136.1, 129.4, 127.7, 95.9, 95.6, 76.4, 73.6, 50.4, 35.5, 21.5, 
16.4, 9.6, 6.8; FABMS m/z 316 (M++1, 31.4); FABHRMS calcd for C18H22NO2S 316.1371, found 316.1374. 
 
General procedure for RhI-catalyzed [5+2] cycloaddition. 
To a solution of the allenylcyclopropane-alkyne 47 (0.10 mmol) in solvent (1.0 mL) was added 10 mol % RhI 
catalyst under N2 atomosphere. Then the reaction mixture was stirred at each temperature until complete 
disappearance of the starting material monitored by TLC. The solvent was evaporated off, and the residue was 
chromatographed with hexane-AcOEt to afford the cyclized product 48-50 and 52-54. Chemical yields are 
summarized in Table 1-5. 
 
N-(4-Methylbenzenesulfonyl)-11-phenylsulfonyl-9-azabicyclo[5.4.0]undeca-1(11),2,6-triene (48a). 
Compound 48a was colorless crystals: IR 1722, 1308, 1163, 1153 cm-1; 1H NMR δ 7.87 (d, 2H, J = 8.1 Hz), 
7.67-7.64 (m, 1H), 7.58-7.54 (m, 2H),7.52-7.51 (m, 2H), 7.18 (d, 2H, J = 8.1 Hz), 7.08 (d, 1H, J = 11.7 Hz), 
6.02-5.97 (m, 2H), 4.30 (s, 2H), 3.74 (s, 2H), 2.39 (s, 3H), 2.18-2.14 (m, 2H), 1.97-1.93 (m, 2H); 13C NMR δ 
143.8, 142.6, 141.1, 137.2, 135.9, 134.0, 133.6, 132.5, 129.6, 129.2, 127.7, 127.5, 127.3, 125.3, 51.5, 46.7, 
27.2, 25.5, 21.5; MS m/z 441 (M+, 15.2); HRMS calcd for C23H23NO4S2 441.1069, found 441.1068. 
 
9,9-Bis(methoxycarbonyl)-11-phenylsulfonylbicyclo[5.4.0]undeca-1(11),2,6-triene (48b). 
Compound 48b was colorless crystals: IR 1734, 1711, 1362, 1148 cm-1; 1H NMR δ 7.94-7.93 (m, 2H), 
7.60-7.57 (m, 1H), 7.53-7.50 (m, 2H), 7.04 (d, 1H, J = 11.7 Hz), 5.95-5.90 (m, 2H), 3.67 (s, 6H), 3.18 (s, 2H), 
2.74 (s, 2H), 2.20-2.17 (m, 2H), 2.07-2.03 (m, 2H); 13C NMR δ 170.3, 143.4, 142.0, 136.6, 135.1, 134.7, 
133.0, 130.7, 128.8, 127.0, 125.7, 53.9, 52.8, 39.1, 33.0, 27.1, 26.2; MS m/z 402 (M+, 1.2); HRMS calcd for 
C21H22O6S 402.1137, found 402.1132. 
 
11-Phenylsulfonyl-9-oxabicyclo[5.4.0]undeca-1(11),2,6-triene (48c). 
Compound 48c was colorless crystals: IR 1719, 1653, 1308, 1151 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 
7.63-7.60 (m, 1H), 7.55-7.52 (m, 2H), 7.21 (d, 1H, J = 12.0 Hz), 6.14 (dt, 1H, J = 12.0, 6.3 Hz), 6.01 (t, 1H, J 
= 5.4 Hz), 4.62 (s, 2H), 4.10 (s, 2H), 2.35-2.32 (m, 2H), 2.27-2.24 (m, 2H); 13C NMR δ 141.58, 141.55, 136.7, 
135.1, 134.6, 133.3, 129.9, 129.1, 127.0, 124.7, 71.7, 66.8, 27.1, 26.5; MS m/z 288 (M+, 9.4); HRMS calcd for 






Compound 48d was colorless crystals: IR 1719, 1653, 1308, 1151 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 
7.63-7.60 (m, 1H), 7.55-7.52 (m, 2H), 7.21 (d, 1H, J = 12.0 Hz), 6.14 (dt, 1H, J = 12.0, 6.3 Hz), 6.01 (t, 1H, J 
= 5.4 Hz), 4.62 (s, 2H), 4.10 (s, 2H), 2.35-2.32 (m, 2H), 2.27-2.24 (m, 2H); 13C NMR δ 141.58, 141.55, 136.7, 
135.1, 134.6, 133.3, 129.9, 129.1, 127.0, 124.7, 71.7, 66.8, 27.1, 26.5; MS m/z 288 (M+, 9.4); HRMS calcd for 
C16H16O3S 288.0820, found 288.0824. 
 
9,9,11-Tris(phenylsulfonyl)bicyclo[5.4.0]undeca-1(11),2,6-triene (48e). 
Compound 48e was colorless crystals: IR 1313, 1150 cm-1; 1H NMR δ 7.99-7.97 (m, 4H), 7.92-7.90 (m, 2H), 
7.73-7.69 (m, 2H), 7.61-7.56 (m, 5H), 7.54-7.50 (m, 2H), 6.89 (d, 1H, J = 11.7 Hz), 5.90 (dt, 1H, J = 11.7, 5.9 
Hz), 5.78 (t, 1H, J = 5.6 Hz), 3.52 (s, 2H), 2.98 (s, 2H), 2.20-2.17 (m, 2H), 2.10-2.06 (m, 2H); 13C NMR δ 
143.6, 141.5, 138.1, 136.0, 135.9, 134.9, 133.3, 132.7, 131.4, 128.9, 128.8, 127.8, 127.1, 125.1, 85.8, 35.0, 





Compound 48f was colorless crystals: IR 1306, 1148 cm-1; 1H NMR δ 7.87-7.85 (m, 2H), 7.60-7.57 (m, 1H), 
7.53-7.50 (m, 2H), 7.07 (d, 1H, J = 12.0 Hz), 6.02-5.96 (m, 2H), 3.54-3.49 (m, 4H), 2.50 (s, 2H), 2.27-2.24 (m, 
4H), 2.17-2.13 (m, 2H), 1.405 (s, 3H), 1.399 (s, 3H); 13C NMR δ 143.5, 141.7, 135.4, 135.3, 135.2, 133.0, 
132.1, 128.9, 127.0, 125.6, 98.2, 67.8, 39.6, 33.9, 32.5, 26.9, 26.6, 24.7, 22.6; FABMS m/z 409 (M++23, 25.3); 
FABHRMS calcd for C22H26NaO4S 409.1450, found 409.1444. 
 
9,9-Dicyano-11-phenylsulfonylbicyclo[5.4.0]undeca-1(11),2,6-triene (48g). 
Compound 48g was colorless crystals: IR 3026, 2282, 1310, 1151 cm-1; 1H NMR δ 7.87-7.85 (m, 2H), 
7.66-7.62 (m, 1H), 7.57-7.54 (m, 2H), 7.11 (d, 1H, J = 11.7 Hz), 6.24 (t, 1H, J = 5.9 Hz), 6.11 (dt, 1H, J = 
11.7, 5.9 Hz), 3.39 (s, 2H), 2.87 (s, 2H), 2.38-2.34 (m, 2H), 2.21-2.17 (m, 2H); 13C NMR δ 143.6, 141.9, 
140.7, 137.2, 133.8, 130.8, 129.3, 127.0, 126.4, 124.8, 114.4, 41.6, 35.9, 31.2, 27.2, 25.8; FABMS m/z 337 




Compound 48h was colorless crystals: IR 1636, 1306, 1151 cm-1; 1H NMR δ 7.88-7.85 (m, 2H), 7.66-7.50 (m, 
5H), 7.33-7.30 (m, 2H), 6.89 (d, 1H, J = 11.7 Hz), 6.01 (dt, 1H, J = 11.7, 4.6 Hz), 4.10 (s, 2H), 3.76 (s, 2H), 
2.44 (s, 3H), 2.26-2.23 (m, 2H), 2.16-2.14 (m, 2H), 0.20 (s, 9H); 13C NMR δ 146.4, 146.3, 144.0, 141.3, 140.0, 
139.2, 133.5, 133.2, 132.9, 129.9, 129.2, 127.7, 127.2, 122.9, 49.3, 45.3, 30.0, 28.1, 21.5, 0.0; MS m/z 513 





Compound 48i was colorless crystals: IR 1647, 1306, 1159 cm-1; 1H NMR δ 7.89-7.85 (m, 2H), 7.65-7.50 (m, 
5H), 7.28-7.25 (m, 2H), 6.91 (d, 1H, J = 11.9 Hz), 5.99 (dt, 1H, J = 11.9, 4.9 Hz), 4.17 (s, 2H), 3.80 (s, 2H), 
2.41 (s, 3H), 2.16-2.09 (m, 6H), 1.38-1.26 (m, 4H), 0.90 (t, 3H, J = 7.3 Hz); 13C NMR δ 146.1, 145.7, 143.7, 
141.3, 137.9, 133.6, 133.3, 132.0, 129.6, 129.1, 127.5, 127.0, 124.9, 123.7, 45.8, 45.3, 35.5, 32.5, 30.1, 27.2, 




Compound 48j was colorless crystals: IR 1736, 1691, 1308, 1150 cm-1; 1H NMR δ 7.91-7.88 (m, 2H), 
7.61-7.47 (m, 3H), 6.94 (d, 1H, J = 11.9 Hz), 5.98-5.89 (m, 1H), 3.64 (s, 6H), 2.99 (s, 2H), 2.93 (s, 2H), 2.15 
(m, 4H), 0.15 (s, 9H); 13C NMR δ 170.9, 148.3, 143.4, 142.4, 141.6, 138.2, 133.5, 133.0, 128.9, 127.3, 123.1, 




Compound 48k was colorless crystals: IR 1736, 1686, 1306, 1148 cm-1; 1H NMR δ 7.92-7.90 (m, 2H), 
7.59-7.55 (m, 1H), 7.52-7.49 (m, 2H), 6.98 (d, 1H, J = 11.7 Hz), 5.92 (dt, 1H, J = 11.7, 4.6 Hz), 3.66 (s, 6H), 
3.08 (s, 2H), 2.84 (s, 2H), 2.19-2.10 (m, 6H), 1.40-1.28 (m, 4H), 0.90 (t, 3H, J = 7.1 Hz); 13C NMR δ 170.8, 
147.0, 144.0 142.1, 137.2, 133.4, 132.9, 128.8, 127.4, 127.2, 124.1, 54.3, 52.8, 35.3, 32.9, 32.5, 32.3, 30.4, 




Compound 48l was colorless crystals: IR 1720, 1340, 1306, 1163 cm-1; 1H NMR δ 8.05-8.03 (m, 2H), 
7.63-7.60 (m, 3H), 7.57-7.54 (m, 2H), 7.29-7.27 (m, 2H), 6.77 (d, 1H, J = 12.0 Hz), 5.81 (dt, 1H, J = 12.0, 4.4 
Hz), 5.75 (t, 1H, J = 5.9 Hz), 4.34 (s, 2H), 3.30 (t, 2H, J = 5.9 Hz), 2.42 (s, 3H), 2.34 (t, 2H, J = 5.9 Hz), 
2.06-2.04 (m, 4H); 13C NMR δ 153.1, 143.5, 141.7, 139.5, 135.9, 135.2, 134.5, 133.2, 131.0, 129.7, 128.9, 
127.5, 127.2, 125.3, 51.2, 47.4, 35.1, 27.0, 24.6, 21.5; MS m/z 455 (M+, 1.4); HRMS calcd for C24H25NO4S2 
455.1225, found 455.1231. 
 
10,10-Bis(methoxycarbonyl)-12-phenylsulfonylbicyclo[5.5.0]dodeca-1(12),2,6-triene (48m). 
Compound 48m was colorless crystals: IR 1730, 1306, 1148 cm-1; 1H NMR δ 7.84-7.81 (m, 2H), 7.56-7.53 (m, 
1H), 7.48-7.44 (m, 2H), 6.83 (d, 1H, J = 12.0 Hz), 5.69 (t, 1H, J = 7.1 Hz), 5.64 (dt, 1H, J = 12.0, 4.4 Hz), 
3.79 (s, 6H), 3.25 (s, 2H), 2.35-2.31 (m, 2H), 2.27-2.23 (m, 2H), 1.99-1.95 (m, 2H), 1.83-1.78 (m, 2H); 13C 
NMR δ 171.1, 152.0, 143.3, 142.6, 136.1, 133.7, 132.6, 128.4, 127.3, 126.7, 124.3, 54.2, 52.8, 33.3, 32.7, 28.2, 





Compound 48n was colorless crystals: IR 3018, 1346, 1163 cm-1; 1H NMR δ 7.68-7.64 (m, 2H), 7.30-7.28 (m, 
2H), 6.14 (d, 1H, J = 11.9 Hz), 5.78 (dt, 1H, J = 11.9, 5.6 Hz), 5.66 (t, 1H, J = 4.6 Hz), 3.73 (s, 2H), 3.66 (s, 
2H), 2.41 (s, 3H), 2.21-2.16 (m, 4H), 1.73 (s, 3H); 13C NMR δ 143.4, 133.8, 131.1, 130.9, 129.4, 129.2, 128.8, 
128.3, 127.8, 125.9, 52.1, 50.7, 27.6, 27.0, 21.5, 16.9; FABMS m/z 316 (M++1, 77.2); FABHRMS calcd for 
C18H22NO2S 316.1371, found 316.1379. 
 
(Z)-2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl 2-Propynyl Ether (49c). 
Compound 49c was colorless crystals: IR 3308, 1605, 1304, 1146 cm-1; 1H NMR δ 7.96-7.91 (m, 2H), 
7.59-7.45 (m, 3H), 7.38 (dt, 1H, J = 5.6, 2.3 Hz), 6.79 (dt, 1H, J = 5.6, 2.6 Hz), 4.46 (s, 2H), 4.06 (d, 2H, J = 
2.6 Hz), 2.87-2.84 (m, 2H), 2.61-2.56 (m, 2H), 2.45 (t, 1H, J = 2.6 Hz); 13C NMR δ 165.9, 151.8, 142.6, 132.7, 
131.0, 128.9, 127.1, 124.3, 79.3, 74.7, 66.5, 57.3, 31.8, 30.4; FABMS m/z 311 (M++23, 43.4); FABHRMS 
calcd for C16H16NaO3S 311.0718, found 311.0723. 
 
(Z)-6-(Cyclopent-2-enylidene)-6-phenylsulfonyl-1-hexyne (49d). 
Compound 49d was a colorless oil: 1H NMR δ 7.88-7.85 (m, 2H), 7.59-7.45 (m, 4H), 6.63 (dt, 1H, J = 5.2, 2.6 
Hz), 2.73-2.69 (m, 2H), 2.59-2.56 (m, 2H), 2.47-2.41 (m, 2H), 2.21 (td, 2H, J = 6.8, 2.6 Hz), 1.96 (t, 1H, J = 
2.6 Hz), 1.80-1.69 (m, 2H). 
 
5-[(Z)-2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl]-2,2-dimethyl-5-(2-propynyl)-1,3-dioxane (49f). 
Compound 49f was a colorless oil: 1H NMR δ 7.81-7.79 (m, 2H), 7.60-7.46 (m, 3H), 7.13 (dt, 1H, J = 5.6, 2.2 
Hz), 6.59 (dt, 1H, J = 5.6, 2.7 Hz), 3.91 (d, 2H, J = 11.7 Hz), 3.87 (d, 2H, 11.7 Hz), 2.79-2.77 (m, 2H), 2.73 (s, 
2H), 2.63 (d, 2H, J = 2.7 Hz), 2.53-2.51 (m, 2H), 2.08 (t, 1H, J = 2.7 Hz), 1.43 (s, 6H). 
 
2-[(Z)-2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl]-2-(2-propynyl)malononitrile (49g). 
Compound 49g was colorless crystals: IR 3308, 3020, 1307, 1146 cm-1; 1H NMR δ 7.88-7.84 (m, 2H), 
7.64-7.49 (m, 3H), 7.33 (dt, 1H, J = 5.6, 2.3 Hz), 6.85 (dt, 1H, J = 5.6, 2.6 Hz), 3.33 (s, 2H), 3.18 (d, 2H, J = 
2.6 Hz), 2.96-2.93 (m, 2H), 2.67-2.62 (m, 2H), 2.42 (t, 1H, J = 2.6 Hz); 13C NMR δ 168.2, 153.3, 142.0, 133.2, 
130.9, 129.3, 126.7, 121.0, 114.7, 75.4, 75.1, 37.6, 37.1, 32.1, 32.0, 29.3; FABMS m/z 369 (M++23, 84.5); 




Compound 49h was colorless crystals: 1H NMR δ 7.93-7.91 (m, 2H), 7.71-7.70 (m, 2H), 7.58-7.54 (m, 2H), 
7.53-7.48 (m, 2H), 7.29-7.28 (m, 2H), 6.79 (dt, 1H, J = 5.6, 2.7 Hz), 4.31 (s, 2H), 3.69 (s, 2H), 2.98-2.96 (m, 







Compound 49i was colorless crystals: 1H NMR δ 7.90-7.89 (m, 2H), 7.72-7.70 (m, 3H), 7.56-7.47 (m, 2H), 
7.30-7.25 (m, 3H), 6.78 (dt, 1H, J = 5.4, 2.4 Hz), 4.29 (s, 2H), 3.69 (s, 2H), 2.99-2.97 (m, 2H), 2.60-2.58 (m, 




Compound 49j was colorless crystals: IR 2177, 1734, 1304, 1146 cm-1; 1H NMR δ 7.83-7.80 (m, 2H), 
7.55-7.51 (m, 1H), 7.49-7.44 (m, 2H), 7.29 (dt, 1H, J = 5.6, 2.4 Hz), 6.65 (dt, 1H, J = 5.6, 2.6 Hz), 3.78 (s, 
6H), 3.33 (s, 2H), 3.01 (s, 2H), 2.94-2.92 (m, 2H), 2.52-2.50 (m, 2H), 0.11 (s, 9H); 13C NMR δ 170.4, 165.4, 
150.2, 143.0, 132.5, 131.3, 128.9, 126.7, 124.3, 103.1, 88.2, 58.5, 52.9, 34.3, 32.0, 31.6, 24.7, -0.1; FABMS 
m/z 497 (M++23, 36.5); FABHRMS calcd for C24H30NaO6SSi 497.1430, found 497.1431. 
 
Dimethyl 2-[(Z)-2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl]-2-(2-heptynyl)malonate (49k). 
Compound 49k was colorless crystals: 1H NMR δ 7.96-7.81 (m, 2H), 7.59-7.45 (m, 3H), 7.29-7.27 (m, 1H), 
6.63 (dt, 1H, J = 5.4, 2.7 Hz), 3.77 (s, 6H), 3.33 (s, 2H), 2.97-2.96 (m, 2H), 2.86-2.84 (m, 2H), 2.51-2.50 (m, 




Compound 49l was colorless crystals: IR 3308, 1724, 1342, 1306, 1161, 1146 cm-1; 1H NMR δ 7.81-7.76 (m, 
2H), 7.69-7.65 (m, 2H), 7.59-7.43 (m, 4H), 7.35-7.33 (m, 2H), 6.83-6.81 (m, 1H), 4.15 (s, 2H), 3.26 (t, 2H, J 
= 7.3 Hz), 3.04-3.02 (m, 2H), 2.64-2.63 (m, 2H), 2.46 (s, 3H), 2.42-2.38 (m, 2H), 1.89 (t, 1H, J = 2.6 Hz); 13C 
NMR δ 168.0, 152.5, 143.9, 142.4, 135.0, 133.0, 131.3, 129.9, 129.3, 127.3, 126.6, 121.3, 81.0, 69.9, 48.3, 
46.7, 32.5, 31.6, 21.5, 19.4; FABMS m/z 478 (M++23, 49.3); FABHRMS calcd for C24H25NNaO4S2 478.1123, 
found 478.1116. 
 
Dimethyl 2-(3-Butynyl)-2-[(Z)-2-(cyclopent-2-enylidene)-2-phenylsulfonylethyl]malonate (49m). 
Compound 49m was a colorless oil: IR 3307, 1730, 1306, 1146 cm-1; 1H NMR δ 7.82-7.80 (m, 2H), 7.56-7.52 
(m, 1H), 7.49-7.46 (m, 2H), 7.33 (dt, 1H, J = 5.9, 2.2 Hz), 6.65 (dt, 1H, J = 5.9, 2.7 Hz), 3.78 (s, 6H), 3.25 (s, 
2H), 2.74-2.72 (m, 2H), 2.56-2.52 (m, 2H), 2.36-2.31 (m, 2H), 2.29-2.24 (m, 2H), 1.95 (t, 1H, J = 2.4 Hz); 13C 
NMR δ 171.6, 164.0, 150.0, 142.7, 132.6, 131.1, 128.9, 126.7, 124.7, 83.5, 68.6, 57.8, 52.7, 35.9, 33.5, 31.8, 
31.6, 14.8; FAB MS m/z 439 (M++23, 30.9); FAB HRMS calcd for C22H24NaO6S 439.1191, found 439.1188. 
 
2-[(Z)-Buta-1,3-dienyl]-5,5-dicyano-3-methylene-1-(phenylsulfonyl)cyclohex-1-ene (50g). 
Compound 50g was yellow crystals: 1H NMR δ 7.83-7.81 (m, 2H), 7.62-7.58 (m, 1H), 7.52-7.49 (m, 2H), 6.27 
(t, 1H, J = 11.2 Hz), 6.16 (t, 1H, J = 11.2 Hz), 5.82-5.74 (m, 2H), 5.55 (s, 1H), 5.19-5.16 (m, 1H), 5.00 (d, 1H, 
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J = 10.0 Hz), 3.38-3.37 (m, 2H), 3.07 (s, 2H); 13C NMR δ 144.0, 139.6, 134.3, 134.0, 133.2, 132.1, 129.2, 




Compound 52h was colorless crystals: 1H NMR δ 7.98-7.96 (m, 2H), 7.74-7.73 (m, 2H), 7.58-7.54 (m, 2H), 
7.53-7.48 (m, 2H), 7.29-7.28 (m, 1H), 6.92 (dt, 1H, J = 5.6, 2.2 Hz), 6.71 (dt, 1H, J = 5.6, 2.7 Hz), 4.38 (s, 




Compound 52j was colorless crystals: 1H NMR δ 7.98-7.95 (m, 2H), 7.91-7.80 (m, 1H), 7.63-7.45 (m, 2H), 
6.89 (dt, 1H, J = 5.4, 2.1 Hz), 6.61 (dt, 1H, J = 5.4, 2.5 Hz), 3.78 (s, 6H), 3.42 (s, 2H), 2.94-2.85 (m, 4H), 
2.59-2.55 (m, 2H), 0.14 (s, 9H). 
 
Dimethyl 2-[(E)-2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl]-2-(2-heptynyl)malonate (52k). 
Compound 52k was colorless crystals: 1H NMR δ 7.96-7.81 (m, 2H), 7.59-7.45 (m, 3H), 6.85 (dt, 1H, J = 5.4, 
2.2 Hz), 6.60 (dt, 1H, J = 5.4, 2.7 Hz), 3.77 (s, 6H), 3.34 (s, 2H), 2.97-2.96 (m, 2H), 2.92-2.90 (m, 2H), 
2.57-2.55 (m, 2H), 2.18-2.10 (m, 2H), 1.45-1.28 (m, 4H), 0.94-0.87 (m, 3H). 
 
Dimethyl 2-(3-Butynyl)-2-[(E)-2-(cyclopent-2-enylidene)-2-phenylsulfonylethyl]malonate (52m). 
Compound 52m was a colorless oil: 1H NMR δ 7.86-7.84 (m, 2H), 7.58-7.55 (m, 1H), 7.51-7.48 (m, 2H), 6.64 
(dt, 1H, J = 5.6, 2.7 Hz), 6.53 (dt, 1H, J = 5.6, 2.2 Hz), 3.75 (s, 6H), 3.37 (s, 2H), 2.86-2.85 (m, 2H), 




Compound 53h was colorless crystals: IR 1663, 1346, 1306, 1157 cm-1; 1H NMR δ 7.96-7.95 (m, 2H), 
7.70-7.67 (m, 1H), 7.62-7.59 (m, 2H), 7.34 (d, 2H, J = 7.9 Hz), 7.11 (d, 2H, J = 7.9 Hz), 4.25 (d, 1H, J = 17.7 
Hz), 4.23 (d, 1H, J = 17.1 Hz), 4.00 (d, 1H, J = 17.1 Hz), 3.78 (dd, 1H, J = 17.7, 3.0 Hz), 2.96-2.94 (m, 1H), 
2.34 (s, 3H), 0.77-0.72 (m, 1H), 0.63-0.58 (m, 1H), 0.48-0.43 (m, 1H), 0.37-0.30 (m, 1H), 0.14 (m, 10H); 13C 
NMR δ 162.8, 151.8, 150.0, 143.5, 140.3, 135.0, 133.5, 129.6, 129.3, 127.7, 127.3, 115.0, 57.8, 43.0, 42.9, 




Compound 53j was colorless crystals: IR 1734, 1659, 1306, 1155 cm-1; 1H NMR δ 7.98-7.96 (m, 2H), 
7.62-7.59 (m, 1H), 7.54-7.51 (m, 2H), 3.63 (s, 3H), 3.35 (s, 3H), 3.35-3.31 (m, 1H), 2.91 (d, 1H, J = 16.5 Hz), 
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2.88 (d, 1H, J = 15.9 Hz), 2.83 (d, 1H, J = 16.5 Hz), 2.62 (dd, 1H, J = 15.9, 3.1 Hz), 0.98-0.91 (m, 1H), 
0.79-0.74 (m, 1H), 0.71-0.65 (m, 1H), 0.53-0.48 (m, 1H), 0.20 (m, 10H). 
 
N-[(Z)-2-(6-Oxocyclohex-2-enyliden)propyl]-N-(2-propynyl)-4-metylbenzenesulfonamide (54n). 
Compound 54n was colorless crystals: IR 3306, 1695, 1350, 1161 cm-1; 1H NMR δ 7.77-7.75 (m, 2H), 
7.33-7.30 (m, 2H), 6.68 (d, 1H, J = 10.2 Hz), 5.89 (dt, 1H, J = 10.2, 4.2 Hz), 3.99-3.98 (m, 4H), 2.63-2.53 (m, 




To a solution of 47a (44 mg, 0.10 mmol) in toluene (1.0 mL) was added 10 mol % [RhCl(CO)2]2 under 10 atm 
of CO at 100 °C. After stirring for 1 h, toluene was evaporated off, and the residue was chromatographed with 
hexane-AcOEt (3:1) to afford 51 (2.5 mg, 18%): IR 1717, 1356, 1323, 1163 cm-1; 1H NMR δ 7.97-7.93 (m, 
2H), 7.78-7.72 (m, 1H), 7.68-7.62 (m, 2H), 7.49-7.46 (m, 2H), 7.25-7.22 (m, 2H), 6.07 (s, 1H), 4.53 (d, 1H, J 
= 17.5 Hz), 4.29 (d, 1H, J = 17.5 Hz), 4.12 (d, 1H, J = 17.5 Hz), 3.89 (d, 1H, J = 17.5 Hz), 3.48 (d, 1H, J = 
6.3 Hz), 2.38 (s, 3H), 1.06-0.97 (m, 1H), 0.76-0.66 (m, 1H), 0.54-0.43 (m, 1H), 0.34-0.25 (m, 1H), 0.23-0.13 
(m, 1H); 13C NMR δ 202.3, 160.0, 146.8, 144.5, 138.7, 134.5, 133.7, 130.9, 130.0, 129.7, 129.5, 128.0, 127.5, 





To a solution of IBX (2.2 g, 7.9 mmol) in DMSO (10 mL) was added a solution of 
1-(benzyloxymethyl)cyclobutanemethanol (551 mg, 2.67 mmol) in THF (10 mL) at room temperature. After 
stirring for 2 h, the reaction mixture was quenched by addition of water, and the mixture was extracted with 
AcOEt. The extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-AcOEt (10:1) to afford aldehyde 63c (485 mg, 89%) as a pale yellow oil: IR 
1720 cm-1; 1H NMR δ 9.68 (s, 1H), 7.36-7.28 (m, 5H), 4.54 (s, 2H), 3.71 (s, 2H), 2.35-2.27 (m, 2H), 2.00-1.87 
(m, 4H); 13C NMR δ 203.0, 138.0, 128.4, 127.7, 127.6, 73.3, 72.3, 52.4, 24.4, 15.5; FAB MS m/z 205 (M++1, 
7.7); FAB HRMS calcd for C13H17O2 205.1229, found 205.1224. 
 
General procedure for preparation of propargylalcohol 55a-f, 64a-j and 68a,b. 
To a solution of diyne 45 and 67 (1.0 mmol) in THF (10 mL) was added LHMDS (1.2 mL, 1.2 mmol, 1.0 M 
solution in THF) at -78 °C. After stirring for 30 min, aldehyde (1.4 mmol) was added at the same temperature, 
and the reaction mixture was further stirred for 5 min at the same temperature. The reaction mixture was 
quenched by addition of saturated aqueous NH4Cl, and the mixture was extracted with AcOEt. The extract 
was washed with water and brine, dried, and concentrated to dryness. The residue was chromatographed with 
hexane-AcOEt to afford the corresponding propargylalcohol 55, 64 and 68. Chemical yields are summarized 
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in Scheme 3-5. 
 
N-(4-Cyclobutyl-4-hydroxy-2-butynyl)-N-(2-propynyl)-4-methylbenzenesulfonamide (55a). 
Compound 55a was a colorless oil: IR 3595, 3308, 1352, 1163 cm-1; 1H NMR δ 7.72 (d, 2H, J = 8.2 Hz), 7.32 
(d, 2H, J = 8.2 Hz), 4.21 (d, 2H, J = 1.8 Hz), 4.14-4.11 (m, 3H), 2.43 (s, 3H), 2.42-2.38 (m, 1H), 2.17 (t, 1H, J 
= 2.3 Hz), 2.00-1.74 (m, 7H); 13C NMR δ 144.0, 135.2, 129.5, 127.9, 85.6, 77.2, 76.2, 74.0, 65.7, 40.6, 36.4, 
36.2, 23.9, 23.2, 21.5, 17.6; MS m/z 331 (M+, 2.1); HRMS calcd for C18H21NO3S 331.1242, found 331.1245. 
 
N-(4-Cyclobutyl-4-hydroxy-2-butynyl)-N-(2-heptynyl)-4-methylbenzenesulfonamide (55b). 
Compound 55b was a colorless oil: IR 3599, 1352, 1163 cm-1; 1H NMR δ 7.72 (d, 2H, J = 8.2 Hz), 7.31 (d, 
2H, J = 8.2 Hz), 4.19-4.11 (m, 5H), 2.43 (s, 4H), 2.05-1.76 (m, 9H), 1.35-1.24 (m, 4H), 0.86 (t, 3H, J = 7.3 
Hz). 
 
4-Cyclobutyl-4-hydroxy-2-butynyl 2-Propynyl Ether (55c). 
Compound 55c was a colorless oil: IR 3601, 3437, 3308 cm-1; 1H NMR δ 4.34 (dt, 1H, J = 5.5, 1.4 Hz), 4.30 
(d, 2H, J = 1.4 Hz), 4.25 (d, 2H, J = 2.3 Hz), 2.64-2.53 (m, 1H), 2.45 (t, 1H, J = 2.3 Hz), 2.09-2.00 (m, 2H), 
1.95-1.80 (m, 5H); 13C NMR δ 86.7, 80.0, 78.8, 75.0, 66.0, 56.7, 56.3, 40.8, 24.1, 23.4, 17.6; FAB MS m/z 
179 (M++1, 6.1); FAB HRMS calcd for C11H15O2 179.1072, found 179.1074. 
 
Dimethyl 2-(4-Cyclobutyl-4-hydroxy-2-butynyl)-2-(2-propynyl)malonate (55d). 
Compound 55d was a colorless oil: IR 3599, 3524, 3308, 1740 cm-1; 1H NMR δ 4.21 (dt, 1H, J = 6.9, 1.8 Hz), 
3.72 (s, 6H), 2.99 (d, 2H, J = 1.8 Hz), 2.94 (d, 2H, J = 2.7 Hz), 2.55-2.45 (m, 1H), 2.17 (brs, 1H), 2.01 (t, 1H, 
J = 2.7 Hz), 2.02-1.93 (m, 2H), 1.90-1.75 (m, 4H); 13C NMR δ 169.1, 83.4, 79.2, 78.2, 71.7, 65.9, 56.5, 53.0, 
40.8, 24.0, 23.2, 22.9, 22.6, 17.5; FAB MS m/z 315 (M++23, 7.8); FAB HRMS calcd for C16H20NaO5 
315.1208, found 315.1205. 
 
5-(4-Cyclobutyl-4-hydroxy-2-butynyl)-2,2-dimethyl-5-(2-propynyl)-1,3-dioxane (55e). 
Compound 55e was a colorless oil: IR 3601, 3447, 3308 cm-1; 1H NMR δ 4.27-4.26 (m, 1H), 3.76 (d, 2H, J = 
11.7 Hz), 3.73 (d, 2H, J = 11.7 Hz), 2.57-2.51 (m, 1H), 2.43 (d, 2H, J = 2.1 Hz), 2.40 (d, 2H, J = 2.4 Hz), 2.03 
(t, 1H, J = 2.4 Hz), 2.05-1.96 (m, 3H), 1.93-1.77 (m, 4H), 1.40 (s, 6H); 13C NMR δ 98.2, 83.0, 80.7, 79.8, 71.4, 
66.1, 65.9, 41.2, 35.1, 24.2, 23.9, 23.5, 23.4, 22.9, 22.7, 17.6; FAB MS m/z 299 (M++23, 5.1); FAB HRMS 
calcd for C17H24NaO3 299.1623, found 299.1625. 
 
1-Cyclobutyl-1-hydroxy-2,7-octadiyne (55f). 
Compound 55f was a colorless oil: IR 3601, 3431, 3308 cm-1; 1H NMR δ 4.27 (dt, 1H, J = 6.9, 1.8 Hz), 
2.59-2.50 (m, 1H), 2.35 (td, 2H, J = 6.9, 1.8 Hz), 2.31 (td, 2H, J = 6.9, 2.7 Hz), 2.07-1.98 (m, 1H), 1.96 (t, 1H, 
2.7 Hz), 1.94-1.79 (m, 4H), 1.76-1.69 (m, 2H), 1.68 (brs, 1H); 13C NMR δ 84.5, 83.5, 80.5, 68.8, 66.3, 41.2, 




Compound 64a was a colorless oil: IR 3601, 3308, 1354, 1163 cm-1; 1H NMR δ 7.74-7.71 (m, 2H), 7.32-7.30 
(m, 2H), 4.22 (d, 2H, J = 1.8 Hz), 4.14 (m, 2H), 4.07 (d, 1H, J = 4.6 Hz), 2.43 (s, 3H), 2.16 (t, 1H, J = 1.8 Hz), 
1.98-1.82 (m, 3H), 1.77-1.68 (m, 1H), 1.64-1.51 (m, 2H), 1.62 (brs, 1H) 1.09 (s, 3H); 13C NMR δ 144.0, 135.2, 
129.6, 127.9, 85.3, 77.6, 76.2, 74.0, 69.3, 42.4, 36.5, 36.2, 29.3, 29.0, 22.0, 21.5, 14.3; MS m/z 345 (M+, 2.2); 
HRMS calcd for C19H23NO3S 345.1399, found 345.1398. 
 
N-[4-(1-Butylcyclobutyl)-4-hydroxy-2-butynyl]-N-(2-propynyl)-4-methylbenzenesulfonamide (64b). 
Compound 64b was a pale yellow oil: IR 3595, 3308, 1354, 1163 cm-1; 1H NMR δ 7.73 (d, 2H, J = 8.2 Hz), 
7.31 (d, 2H, J = 8.2 Hz), 4.24 (s, 2H), 4.17-4.14 (m, 2H, ), 4.10 (s, 1H), 2.43 (s, 3H), 2.16 (t, 1H, J = 2.4 Hz), 
1.96-1.91 (m, 1H), 1.88-1.70 (m, 3H), 1.65-1.61 (m, 2H), 1.53-1.48 (m, 2H) 1.45-1.40 (m, 1H), 1.32-1.27 (m, 
2H), 1.25-1.20 (m, 2H), 0.91 (t, 3H, J = 7.2 Hz); 13C NMR δ 144.0, 135.2, 129.6, 127.9, 85.6, 77.6, 76.1, 74.0, 
67.3, 45.2, 36.5, 36.2, 35.8, 26.7, 26.3, 26.1, 23.4, 21.5, 14.6, 14.1; MS m/z 387 (M+, 0.5); HRMS calcd for 




Compound 64c was a colorless oil: IR 3466, 3308, 1354, 1163 cm-1; 1H NMR δ 7.71-7.69 (m, 2H), 7.38-7.26 
(m, 7H), 4.52 (s, 2H), 4.29 (d, 1H, J = 8.2 Hz), 4.21 (dd, 1H, J = 17.9, 1.8 Hz), 4.16 (dd, 1H, J = 17.9, 1.8 Hz), 
4.13 (dd, 1H, J = 17.4, 2.3 Hz), 4.07 (dd, 1H, J = 17.4, 2.3 Hz), 3.77 (d, 1H, J = 8.7 Hz), 3.54 (d, 1H, J = 8.7 
Hz), 3.48 (d, 1H, J = 8.2 Hz), 2.40 (s, 3H), 2.12 (t, 1H, J = 2.3 Hz), 2.08-2.03 (m, 1H), 1.96-1.80 (m, 3H), 
1.73-1.66 (m, 1H), 1.58-1.50 (m, 1H); 13C NMR δ 143.9, 137.5, 135.1, 129.6, 128.5, 127.9, 127.8, 127.7, 85.2, 
77.5, 76.2, 75.8, 74.0, 73.7, 69.4, 44.7, 36.5, 36.1, 26.8, 25.6, 21.5, 15.0; MS m/z 451 (M+, 1.2); HRMS calcd 




Compound 64d was a colorless oil: IR 3531, 3308, 1726, 1701, 1354, 1163 cm-1; 1H NMR δ 7.72-7.71 (m, 
2H), 7.32-7.30 (m, 2H), 4.41 (dt, 1H, J = 8.9, 1.7 Hz), 4.24-4.19 (m, 4H), 4.16-4.10 (m, 2H), 3.01 (d, 1H, J = 
8.9 Hz), 2.49-2.45 (m, 1H), 2.43 (s, 3H), 2.25-2.16 (m, 2H), 2.12 (t, 1H, J = 2.4 Hz), 2.00-1.85 (m, 3H) 1.30 (t, 
3H, J = 7.2 Hz); 13C NMR δ 175.1, 144.0, 135.2, 129.6, 127.9, 84.1, 77.6, 76.1, 74.0, 66.3, 61.2, 51.0, 36.4, 




Compound 64e was a colorless oil: IR 3601, 1350, 1163 cm-1; 1H NMR δ 7.71 (d, 2H, J = 8.2 Hz), 7.30 (d, 2H, 
J = 8.2 Hz), 4.19 (d, 2H, J = 1.4 Hz), 4.11 (s, 2H), 4.08-4.07 (m, 1H), 2.43 (s, 3H), 2.04-1.99 (m, 2H), 
1.96-1.84 (m, 3H), 1.79-1.68 (m, 1H), 1.64-1.52 (m, 3H), 1.37-1.24 (m, 4H), 1.10 (s, 3H), 0.86 (t, 3H, J = 7.3 
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Hz); 13C NMR δ 143.7, 135.4, 129.4, 127.9, 86.5, 84.9, 77.9, 71.9, 69.3, 42.4, 36.8, 36.3, 30.4, 29.3, 29.0, 
22.0, 21.8, 21.5, 18.2, 14.3, 13.5; MS m/z 401 (M+, 3.3); HRMS calcd for C23H31NO3S 401.2025, found 
401.2030. 
 
4-Hydroxy-4-(1-methylcyclobutyl)-2-butynyl 2-Propynyl Ether (64f). 
Compound 64f was a colorless oil: IR 3605, 3452, 3306 cm-1; 1H NMR δ 4.31 (d, 2H, J = 1.4 Hz), 4.29 (d, 1H, 
J = 1.4 Hz), 4.24 (d, 2H, J = 2.3 Hz), 2.45 (t, 1H, J = 2.3 Hz), 2.11-2.02 (m, 2H), 1.97-1.75 (m, 3H), 1.72-1.61 
(m, 2H), 1.22 (s, 3H); 13C NMR δ 86.4, 80.3, 78.8, 75.0, 69.5, 56.7, 56.3, 42.5, 29.5, 29.1, 22.1, 14.3; FAB 
MS m/z 193 (M++1, 16.9); FAB HRMS calcd for C12H17O2 193.1229, found 193.1225. 
 
Dimethyl 2-[4-Hydroxy-4-(1-methylcyclobutyl)-2-butynyl]-2-(2-propynyl)malonate (64g). 
Compound 64g was a colorless oil: IR 3603, 3529, 3308, 1736 cm-1; 1H NMR δ 4.19 (m, 1H), 3.75 (s, 6H), 
3.03 (d, 2H, J = 1.8 Hz), 2.96 (d, 2H, J = 2.7 Hz), 2.06-1.95 (m, 2H), 2.02 (t, 1H, J = 2.7 Hz), 1.94-1.84 (m, 
1H) 1.82-1.72 (m, 2H), 1.69-1.57 (m, 2H), 1.18 (s, 3H); 13C NMR δ 169.1, 83.0, 79.6, 78.3, 71.7, 69.6, 56.5, 
53.1, 42.5, 29.4, 29.0, 22.9, 22.7, 22.0, 14.3; FAB MS m/z 329 (M++23, 13.2); FAB HRMS calcd for 
C17H22NaO5 329.1365, found 329.1367. 
 
1-Hydroxy-1-(1-methylcyclobutyl)-5,5-bis(phenylsulfonyl)-2,7-octadiyne (64h). 
Compound 64h was a colorless oil: IR 3595, 3308, 1337, 1313, 1151 cm-1; 1H NMR δ 8.23-8.21 (m, 4H), 
7.76-7.73 (m, 2H), 7.63-7.60 (m, 4H), 4.22-4.21 (m, 1H), 3.28 (t, 2H, J = 1.7 Hz), 3.24 (t, 2H, J = 2.7 Hz), 
2.22 (t, 1H, J = 2.7 Hz), 2.13-2.07 (m, 2H), 1.96-1.88 (m, 2H), 1.84-1.77 (m, 1H), 1.72-1.63 (m, 2H), 1.25 (s, 
3H); 13C NMR δ 135.85, 135.83, 135.0, 131.6, 128.7, 87.2, 85.8, 75.4, 74.4, 69.7, 42.7, 29.4, 29.0, 22.1, 20.9, 
20.6, 14.4; FAB MS m/z 471 (M++1, 7.6); FAB HRMS calcd for C25H27O5S2 471.1300, found 471.1306. 
 
5-[4-Hydroxy-4-(1-methylcyclobutyl)-2-butynyl]-2,2-dimethyl-5-(2-propynyl)-1,3-dioxane (64i). 
Compound 64i was a colorless oil: IR 3607, 3454, 3308 cm-1; 1H NMR δ 4.24 (m, 1H), 3.76 (d, 2H, J = 12.0 
Hz), 3.74 (d, 2H, J = 12.0 Hz), 2.44 (d, 2H, J = 1.7 Hz), 2.42 (d, 2H, J = 2.7 Hz), 2.04 (t, 1H, J = 2.7 Hz), 
2.08-2.02 (m, 2H), 1.95-1.87 (m, 1H), 1.82-1.61 (m, 4H), 1.41 (s, 6H), 1.21 (s, 3H); 13C NMR δ 98.2, 82.6, 
80.9, 79.8, 71.3, 69.7, 66.0, 42.6, 35.3, 29.5, 29.2, 24.1, 23.3, 23.0, 22.7, 22.2, 14.3; FAB MS m/z 313 (M++23, 
10.1); FAB HRMS calcd for C18H26NaO3 313.1780, found 313.1783. 
 
1-Hydroxy-1-(1-methylcyclobutyl)-2,7-octadiyne (64j). 
Compound 64j was a colorless oil: IR 3607, 3443, 3308 cm-1; 1H NMR δ 4.22 (t, 1H, J = 1.8 Hz), 2.35 (td, 2H, 
J = 6.9, 1.8 Hz), 2.30 (td, 2H, J = 7.3, 2.7 Hz), 2.08-2.00 (m, 2H), 1.96 (t, 1H, 2.7 Hz), 1.94-1.86 (m, 1H), 
1.85-1.59 (m, 6H), 1.20 (s, 3H); 13C NMR δ 84.6, 83.4, 80.1, 69.8, 68.8, 42.6, 29.5, 29.1, 27.5, 22.1, 17.7, 






Compound 68a was a colorless oil: IR 3601, 3308 cm-1; 1H NMR δ 4.28 (dt, 1H, J = 6.9, 1.7 Hz), 2.58-2.52 
(m, 1H), 2.41-2.38 (m, 2H), 2.06-1.96 (m, 3H), 1.95-1.86 (m, 3H), 1.77 (brs, 1H); 13C NMR δ 83.6, 82.6, 80.9, 
69.2, 66.2, 41.1, 24.1, 23.3, 18.8, 18.7, 17.6. 
 
1-Hydroxy-1-(1-methylcyclobutyl)-2,6-heptadiyne (68b). 
Compound 68b was a colorless oil: IR 3607, 3437, 3308 cm-1; 1H NMR δ 4.22 (s, 1H), 2.46-2.43 (m, 2H), 
2.41-2.38 (m, 2H), 2.08-2.02 (m, 2H), 2.00 (t, 1H, J = 2.4 Hz), 1.93-1.86 (m, 1H), 1,82-1.75 (m, 2H), 
1.69-1.60 (m, 2H), 1.21 (s, 3H); 13C NMR δ 83.8, 82.6, 80.5, 69.7, 69.3, 42.6, 29.4, 29.1, 22.1, 18.8, 14.3; 
FABMS m/z 177 (M++1, 5.9); FABHRMS cald for C12H17O 177.1279, found 177.1275. 
 
General procedure for preparation of allenylcycloprobutne-alkyne 56a-f, 65a-j and 69a,b. 
To a solution of alcohol 55, 64 and 68 (1.0 mmol) and Et3N (5.0 mmol) in THF (20 mL) was gradually added 
PhSCl (3.0 mmol) at -78 °C. After stirring for 1 h at the same temperature, the reaction mixture was quenched 
by addition of saturated aqueous NaHCO3, and the mixture was extracted with AcOEt. The extract was 
washed with water and brine, dried, and concentrated to dryness. The residue was passed through a short pad 
of silica gel with hexane-AcOEt to afford the crude sulfoxide. To a solution of the crude sulfoxide in CH2Cl2 
(5 mL) was added mCPBA (1.5 mmol) at 0 °C. After stirring for 30 min, the reaction mixture was quenched 
by addition of saturated aqueous Na2S2O3 and NaHCO3, and the mixture was extracted with CH2Cl2. The 
extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-CH2Cl2 to afford the corresponding allenylcyclobutane-alkyne 56, 65 and 69. 
Chemical yields are summarized in Scheme 3-5. 
 
N-(4-Cyclobutyl-2-phenylsulfonyl-2,3-butadienyl)-N-(2-propynyl)-4-methylbenzenesulfonamide (56a). 
Compound 56a was a colorless oil: IR 3308, 1954, 1354, 1308, 1163, 1153 cm-1; 1H NMR δ 7.94-7.93 (m, 
2H), 7.67-7.63 (m, 3H), 7.57-7.54 (m, 2H), 7.28-7.27 (m, 2H), 5.96 (dt, 1H, J = 6.2, 2.1 Hz), 4.23 (dd, 1H, J = 
15.1, 2.1 Hz), 4.13 (dd, 1H, J = 15.1, 2.1 Hz), 3.93 (dd, 1H, J = 18.6, 2.7 Hz), 3.87 (dd, 1H, J = 18.6, 2.7 Hz), 
3.01-2.94 (m, 1H), 2.42 (s, 3H), 2.15-2.10 (m, 2H), 1.95 (t, 1H, J = 2.7 Hz), 1.93-1.80 (m, 4H); 13C NMR δ 
204.9, 143.8, 140.4, 135.7, 133.6, 129.5, 129.0, 128.2, 127.7, 109.8, 107.2, 75.8, 74.3, 44.1, 36.1, 33.5, 28.5, 
28.4, 21.5, 18.5; MS m/z 455 (M+, 2.1); HRMS calcd for C24H25NO4S2 455.1225, found 455.1228. 
 
N-(4-Cyclobutyl-2-phenylsulfonyl-2,3-butadienyl)-N-(2-heptynyl)-4-methylbenzenesulfonamide (56b). 
Compound 56b was a colorless oil: IR 1954, 1352, 1308, 1163, 1153 cm-1; 1H NMR δ 7.95-7.93 (m, 2H), 
7.67-7.62 (m, 3H), 7.57-7.53 (m, 2H), 7.27-7.25 (m, 2H), 5.96 (dt, 1H, J = 6.4, 2.3 Hz), 4.22 (dd, 1H, J = 15.1, 
2.3 Hz), 4.10 (dd, 1H, J = 15.1, 2.3 Hz), 3.87 (dt, 1H, J = 17.9, 1.8 Hz), 3.80 (dt, 1H, J = 17.9, 1.8 Hz), 





4-Cyclopropyl-2-phenylsulfonyl-2,3-butadienyl 2-Propynyl Ether (56c). 
Compound 56c was a colorless oil: IR 3308, 1952, 1308, 1151 cm-1; 1H NMR δ 7.94-7.92 (m, 2H), 7.64-7.60 
(m, 1H), 7.55-7.51 (m, 2H), 5.97 (dt, 1H, J = 6.4, 1.8 Hz), 4.45 (dd, 1H, J = 12.4, 1.8 Hz), 4.41 (dd, 1H, J = 
12.4, 1.8 Hz), 4.01 (dd, 1H, J = 16.0, 2.7 Hz), 3.96 (dd, 1H, J = 16.0, 2.7 Hz), 3.04-2.95 (m, 1H), 2.40 (t, 1H, 
J = 2.7 Hz), 2.17-2.11 (m, 2H), 1.96-1.81 (m, 4H); 13C NMR δ 205.5, 141.1, 133.3, 128.9, 128.2, 110.6, 105.6, 
78.6, 75.1, 65.5, 56.6, 33.4, 28.6, 28.4, 18.5; FAB MS m/z 313 (M++1, 27.8); FAB HRMS calcd for C17H19O3S 
303.1055, found 303.1059. 
 
Dimethyl 2-(4-Cyclobutyl-2-phenylsulfonyl-2,3-butadienyl)-2-(2-propynyl)malonate (56d). 
Compound 56d was a colorless oil: IR 3308, 1952, 1738, 1306, 1151 cm-1; 1H NMR δ 7.92-7.89 (m, 2H), 
7.64-7.60 (m, 1H), 7.55-7.51 (m, 2H), 5.83 (dt, 1H, J = 6.4, 2.7 Hz),3.70 (s, 3H), 3.69 (s, 3H), 3.14 (d, 2H, J = 
2.7 Hz), 2.97-2.88 (m, 1H), 2.85 (d, 2H, J = 2.7 Hz), 2.17-2.05 (m, 2H), 1.88 (t, 1H, J = 2.7 Hz), 1.94-1.77 (m, 
4H); 13C NMR δ 203.4, 169.1, 140.0, 133.4, 129.0, 128.4, 109.4, 107.1, 78.1, 71.8, 56.1, 53.0, 33.8, 28.6, 28.5, 
27.9, 22.4, 18.5; MS m/z 416 (M+, 7.7); HRMS calcd for C22H24O6S 416.1294, found 416.1291. 
 
5-(4-Cyclobutyl-2-phenylsulfonyl-2,3-butadienyl)-2,2-dimethyl-5-(2-propynyl)-1,3-dioxane (56e). 
Compound 56e was a colorless oil: IR 3308, 1950, 1315, 1150 cm-1; 1H NMR δ 7.90-7.89 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.52 (m, 2H), 5.82 (dt, 1H, J = 6.9, 2.4 Hz), 3.73-3.68 (m, 4H), 2.96-2.90 (m, 1H), 2.49 (d, 2H, 
J = 2.4 Hz), 2.47 (d, 2H, J = 2.7 Hz), 2.13-2.07 (m, 2H), 1.90 (t, 1H, J = 2.7 Hz), 1.92-1.88 (m, 1H), 1.86-1.76 
(m, 3H), 1.382 (s, 3H), 1.376 (s, 3H); 13C NMR δ 204.0, 139.8, 133.3, 128.9, 128.3, 109.7, 106.0, 98.2, 80.0, 
71.2, 66.2, 66.1, 36.0, 33.8, 29.3, 28.5, 27.9, 25.8, 21.9, 21.5, 18.5; MS m/z 400 (M+, 5.5); HRMS calcd for 
C23H28O4S 400.1708, found 400.1704. 
 
1-Cyclobutyl-3-phenylsulfonyl-oct-1,2-diene-7-yne (56f). 
Compound 56f was a colorless oil: IR 3308, 1956, 1306, 1148 cm-1; 1H NMR δ 7.92-7.89 (m, 2H), 7.65-7.60 
(m, 1H), 7.56-7.52 (m, 2H), 5.86 (dt, 1H, J = 6.4, 3.2 Hz), 2.98-2.88 (m, 1H), 2.45-2.40 (m, 2H), 2.20 (td, 2H, 
J = 6.9, 2.7 Hz), 2.14-2.07 (m, 2H), 1.92 (t, 1H, J = 2.7 Hz), 1.91-1.75 (m, 4H) 1.72-1.64 (m, 2H); 13C NMR δ 




Compound 65a was colorless plates: m.p. 94-96 °C (Et2O); IR 3308, 1954, 1354, 1308, 1163, 1153 cm-1; 1H 
NMR δ 7.95-7.93 (m, 2H), 7.68-7.63 (m, 3H), 7.56-7.54 (m, 2H), 7.28-7.27 (m, 2H), 5.96 (t, 1H, J = 2.1 Hz), 
4.25 (dd, 1H, J = 15.5, 2.1 Hz), 4.14 (dd, 1H, J = 15.5, 2.1 Hz), 3.94 (dd, 1H, J = 18.5, 2.4 Hz), 3.88 (dd, 1H, 
J = 18.5, 2.4 Hz), 2.42 (s, 3H), 2.03-1.98 (m, 2H), 1.95 (t, 1H, J = 2.4 Hz), 1.94-1.79 (m, 4H) 1.21 (s, 3H); 13C 
NMR δ 203.7, 143.8, 140.3, 135.7, 133.6, 129.5, 129.0, 128.3, 127.7, 112.3, 110.5, 75.8, 74.3, 44.0, 39.2, 36.1, 






Compound 65b was a colorless oil: IR 3308, 1954, 1354, 1308, 1163, 1153 cm-1; 1H NMR δ 7.95-7.94 (m, 
2H), 7.67-7.63 (m, 3H), 7.57-7.54 (m, 2H), 7.28-7.27 (m, 2H), 5.88 (t, 1H, J = 2.4 Hz), 4.21 (dd, 1H, J = 15.5, 
2.4 Hz), 4.17 (dd, 1H, J = 15.5, 2.4 Hz), 3.92 (d, 2H, J = 2.4 Hz), 2.42 (s, 3H), 1.94-1.89 (m, 3H), 1.93 (t, 1H, 
J = 2.4 Hz), 1.88-1.84 (m, 3H) 1.57-1.48 (m, 2H), 1.32-1.26 (m, 2H), 1.21-1.15 (m, 2H), 0.90 (t, 3H, J = 7.4 
Hz); 13C NMR δ 204.3, 143.8, 140.4, 135.6, 133.6, 129.5, 129.1, 128.2, 127.7, 110.9, 110.3, 75.8, 74.3, 44.1, 
43.1, 40.3, 36.2, 32.3, 31.7, 26.9, 23.0, 21.6, 15.3, 14.1; MS m/z 511 (M+, 0.4); HRMS calcd for C28H33NO4S2 




Compound 65c was a colorless oil: IR 3306, 1956, 1354, 1308, 1163, 1153 cm-1; 1H NMR δ 7.94-7.92 (m, 2H), 
7.64-7.61 (m, 3H), 7.53-7.51 (m, 2H), 7.36-7.25 (m, 7H), 6.06 (t, 1H, J = 2.4 Hz), 4.53 (s, 2H), 4.22 (dd, 1H, 
J = 15.5, 2.4 Hz), 4.17 (dd, 1H, J = 15.5, 2.4 Hz), 3.92 (dd, 1H, J = 18.6, 2.4 Hz), 3.87 (dd, 1H, J = 18.6, 2.4 
Hz), 3.44 (d, 1H, J = 9.3 Hz), 3.41 (d, 1H, J = 9.3 Hz), 2.41 (s, 3H), 2.00-1.83 (m, 6H), 1.89 (t, 1H, J = 2.4 
Hz); 13C NMR δ 204.2, 143.7, 140.4, 138.3, 135.7, 133.6, 129.5, 129.0, 128.4, 128.3, 127.7, 127.6, 110.8, 
108.9, 75.9, 75.7, 74.3, 73.3, 43.9, 43.0, 36.2, 29.6, 29.2, 21.5, 15.5; FAB MS m/z 598 (M++23, 14.2); FAB 




Compound 65d was colorless needles: m.p. 102-103 °C (Et2O);IR 3306, 1960, 1724, 1354, 1308, 1163, 1155 
cm-1; 1H NMR δ 7.95-7.94 (m, 2H), 7.67-7.64 (m, 3H), 7.58-7.55 (m, 2H), 7.28-7.27 (m, 2H), 6.23 (t, 1H, J = 
2.7 Hz), 4.22 (dd, 1H, J = 15.8, 2.7 Hz), 4.20-4.16 (m, 3H), 3.97-3.90 (m, 2H), 2.55-2.50 (m, 2H), 2.42 (s, 
3H), 2.14-2.07 (m, 2H), 2.06-2.01 (m, 1H), 2.00-1.92 (m, 1H), 1.95 (t, 1H, J = 2.4 Hz), 1.28 (t, 3H, J = 7.2 
Hz); 13C NMR δ 204.2, 173.5, 143.9, 140.0, 135.5, 133.8, 129.6, 129.2, 128.3, 127.7, 112.2, 106.3, 75.7, 74.4, 
61.4, 46.7, 43.9, 36.4, 31.2, 30.7, 21.5, 15.7, 14.1; MS m/z 527 (M+, 3.3); HRMS calcd for C27H29NO6S2 




Compound 65e was colorless plates: m.p. 102-105 °C (Et2O); IR 1954, 1352, 1308, 1163, 1153 cm-1; 1H NMR 
δ 7.96-7.94 (m, 2H), 7.67-7.62 (m, 3H), 7.56-7.54 (m, 2H), 7.27-7.26 (m, 2H), 5.96 (t, 1H, J = 2.4 Hz), 4.23 
(dd, 1H, J = 15.1, 2.4 Hz), 4.12 (dd, 1H, J = 15.1, 2.4 Hz), 3.87 (d, 1H, J = 18.2 Hz), 3.81 (dd, 1H, J = 18.2 
Hz), 2.41 (s, 3H), 2.03-1.98 (m, 2H), 1.93-1.79 (m, 6H), 1.22 (s, 3H), 1.19-1.16 (m, 4H), 0.82 (t, 3H, J = 7.2 
Hz) ; 13C NMR δ 203.8, 143.4, 140.4, 135.9, 133.5, 129.3, 128.9, 128.3, 127.7, 111.9, 110.5, 86.9, 71.5, 44.0, 
39.1, 36.5, 33.9, 33.7, 30.2, 26.3, 21.7, 21.5, 18.0, 15.2, 13.5; MS m/z 525 (M+, 0.8); HRMS calcd for 
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C29H35NO4S2 525.2008, found 525.2006. 
 
4-(1-Methylcyclobutyl)-2-phenylsulfonyl-2,3-butadienyl 2-Propynyl Ether (65f). 
Compound 65f was a colorless oil: IR 3306, 1952, 1308, 1151 cm-1; 1H NMR δ 7.94-7.92 (m, 2H), 7.63-7.60 
(m, 1H), 7.54-7.51 (m, 2H), 5.97 (m, 1H), 4.45 (dd, 1H, J = 12.4, 1.7 Hz), 4.43 (dd, 1H, J = 12.4, 1.7 Hz), 
4.02 (dd, 1H, J = 15.8, 2.4 Hz), 3.98 (dd, 1H, J = 15.8, 2.4 Hz), 2.40 (t, 1H, J = 2.4 Hz), 2.02-1.98 (m, 2H), 
1.95-1.81 (m, 4H), 1.22 (s, 3H); 13C NMR δ 204.4, 141.0, 133.3, 128.9, 128.2, 111.3, 110.6, 78.6, 75.1, 65.5, 
56.6, 39.1, 34.0, 33.8, 26.4, 15.2; FAB MS m/z 339 (M++23, 23.9); FAB HRMS calcd for C18H20NaO3S 
339.1031, found 339.1033. 
 
Dimethyl 2-[4-(1-Methylcyclobutyl)-2-phenylsulfonyl-2,3-butadienyl]-2-(2-propynyl)malonate (65g). 
Compound 65g was a colorless oil: IR 3308, 1952, 1738, 1306, 1151 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 
7.63-7.60 (m, 1H), 7.55-7.52 (m, 2H), 5.84 (t, 1H, J = 2.7 Hz), 3.71 (s, 3H), 3.70 (s, 3H), 3.17 (dd, 1H, J = 
16.2, 2.7 Hz), 3.14 (dd, 1H, J = 16.2, 2.7 Hz), 2.88 (d, 2H, J = 2.7 Hz), 2.01-1.90 (m, 3H), 1.89 (t, 1H, J = 2.7 
Hz), 1.87-1.82 (m, 1H) 1.81-1.76 (m, 2H), 1.19 (s, 3H); 13C NMR δ 202.4, 169.1, 140.0, 133.4, 128.9, 128.5, 
112.1, 110.2, 78.2, 71.9, 56.1, 53.0, 39.2, 33.9, 33.2, 28.6, 26.0, 22.5, 15.1; MS m/z 430 (M+, 0.5); HRMS 
calcd for C23H26O6S 430.1450, found 430.1455. 
 
1-(1-Methylcyclobutyl)-3,5,5-tris(phenylsulfonyl)-oct-1,2-diene-7-yne (65h). 
Compound 65h was light yellow plates: m.p. 142-145 °C (Et2O); IR 3308, 1961, 1335, 1313, 1153 cm-1; 1H 
NMR δ 8.09-8.07 (m, 2H), 8.05-8.03 (m, 2H), 7.88-7.86 (m, 2H), 7.74-7.70 (m, 2H), 7.65-7.62 (m, 1H), 
7.59-7.56 (m, 4H), 7.55-7.52 (m, 2H), 5.94 (t, 1H, J = 3.1 Hz), 3.48 (dd, 1H, J = 17.2, 3.1 Hz), 3.43 (dd, 1H, J 
= 18.2, 2.7 Hz), 3.31 (dd, 1H, J = 17.2, 3.1 Hz), 3.28 (dd, 1H, J = 18.2, 2.7 Hz), 2.12-2.05 (m, 2H), 1.96-1.83 
(m, 2H), 1.82-1.76 (m, 2H), 1.78 (t, 1H, J = 2.7 Hz), 1.26 (s, 3H); 13C NMR δ 203.5, 139.8, 136.11, 136.08, 
134.98, 134.96, 135.5, 131.7, 131.5, 129.0, 128.8, 128.7, 128.4, 113.4, 107.8, 88.2, 75.6, 74.3, 39.3, 33.9, 33.3, 





Compound 65i was a colorless oil: IR 3308, 1950, 1306, 1150 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.52 (m, 2H), 5.82 (t, 1H, J = 2.4 Hz), 3.75-3.68 (m, 4H), 2.55-2.45 (m, 4H), 2.01-1.87 (m, 3H), 
1.90 (t, 1H, J = 2.7 Hz), 1.86-1.76 (m, 3H), 1.386 (s, 3H), 1.382 (s, 3H), 1.19 (s, 3H); 13C NMR δ 202.9, 139.8, 
133.4, 128.9, 128.5, 111.1, 110.6, 98.2, 80.1, 71.3, 66.4, 66.3, 39.2, 36.1, 33.9, 33.3, 29.4, 26.2, 25.9, 21.9, 
21.5, 15.2; MS m/z 414 (M+, 0.7); HRMS calcd for C24H30O4S 414.1865, found 414.1870. 
 
1-(1-Methylcyclobutyl)-3-phenylsulfonyl-oct-1,2-diene-7-yne (65j). 
Compound 65j was a colorless oil: IR 3308, 1956, 1306, 1148 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 7.64-7.61 
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(m, 1H), 7.55-7.51 (m, 2H), 5.86 (dt, 1H, J = 3.2 Hz), 2.47-2.42 (m, 2H), 2.21 (td, 2H, J = 6.9, 2.7 Hz), 
1.96-1.77 (m, 7H), 1.72-1.65 (m, 2H), 1.18 (s, 3H); 13C NMR δ 201.3, 140.1, 133.3, 128.9, 128.3, 114.5, 111.4, 
83.2, 69.0, 39.0, 33.9, 33.6, 26.6, 26.5, 25.9, 17.6, 15.1; MS m/z 314 (M+, 0.6); HRMS calcd for C19H22O2S 
314.1341, found 314.1342. 
 
1-Cyclobutyl-3-(phenylsulfonyl)-hept-1,2-diene-6-yne (69a) 
Compound 69a was a colorless oil: IR 3308, 1956, 1306, 1150 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.52 (m, 2H), 5.91 (dt, 1H, J = 6.2, 3.1 Hz), 2.99-2.92 (m, 1H), 2.58-2.49 (m, 2H), 2.38-2.29 (m, 
2H), 2.14-2.07 (m, 2H), 1.95-1.78 (m, 5H); 13C NMR δ 203.0, 140.1, 133.3, 128.9, 128.2, 113.0, 106.8, 82.4, 
69.2, 33.7, 28.43, 28.39, 26.3, 18.4, 17.3. 
 
1-(1-Methylcyclobutyl)-3-phenylsulfonyl-hept-1,2-diene-6-yne (69b) 
Compound 69b was a colorless oil: IR 3308, 1956, 1306, 1150 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.53 (m, 2H), 5.92 (t, 1H, J = 3.1 Hz), 2.60-2.51 (m, 2H), 2.38-2.29 (m, 2H), 2.00-1.96 (m, 2H), 
1.94-1.88 (m, 1H), 1.91 (t, 1H, J = 2.7 Hz), 1.87-1.77 (m, 3H), 1.20 (s, 3H); 13C NMR δ 201.6, 140.0, 133.4, 
129.0, 128.3, 113.7, 112.0, 82.5, 69.3, 39.1, 33.9, 33.7, 26.5, 26.4, 17.3, 15.2; MS m/z 300 (M+, 4.7); HRMS 
calcd for C18H20O2S 300.1184, found 300.1190. 
 
N-[2-Methyl-4-(1-methylcyclobutyl)-2,3-butadienyl]-N-(2-propynyl)-4-methylbenezenesulfonamide (72). 
To a solution of alcohol 64a (256 mg, 0.743 mmol) in CH2Cl2 (7.4 mL) was added Et3N (3.0 mL, 22 mmol) 
and MsCl (0.85 mL, 11 mmol) at 0 °C. After stirring for 2.5 h at 0 °C, the reaction mixture was quenched by 
addition of saturated aqueous NaHCO3, and the mixture was extracted with CH2Cl2. The extract was washed 
with water and brine, dried and concentrated to dryness. The solvent was evaporated off to afford the crude 
mesylate. To a solution of CuCN (270 mg, 3.0 mmol), and LiCl (250 mg, 5.9 mmol) in THF (7.4 mL) was 
gradually added MeLi (2.8 mL, 3.0 mmol, 1.1 M solution in Et2O) at -78 °C. The reaction mixture was 
warmed to room temperature for 5 min, then the reaction mixture was cooled to -78 °C again, and the crude 
mesylate was gradually added to the reaction mixture. After stirring for 1.5 h, the reaction mixture was 
quenched by addition of saturated aqueous NH4Cl, and the mixture was filtered through Celite and extracted 
with AcOEt. The extract was washed with water and brine, dried, and concentrated to dryness. The residue 
was chromatographed with hexane-AcOEt (10:1) to afford 72 (188 mg, 74%) as colorless needles: m.p. 
73-75 °C (tBuOMe); IR 3308, 1963, 1915, 1348, 1161 cm-1; 1H NMR δ 7.75-7.73 (m, 2H), 7.30-7.28 (m, 2H), 
5.24-5.22 (m, 1H), 4.20 (dd, 2H, J = 18.3, 2.3 Hz), 4.05 (dd, 2H, J = 18.3, 2.3 Hz), 3.85 (dd, 1H, J = 13.3, 1.8 
Hz), 3.70 (d, 1H, J = 13.3 Hz), 2.42 (s, 3H), 2.00-1.75 (m, 6H), 1.94 (t, 1H, J = 1.8 Hz), 1.73 (d, 3H, J = 3.4 
Hz), 1.18 (s, 3H); 13C NMR δ 200.7, 143.4, 136.1, 129.4, 127.7, 102.0, 95.7, 76.3, 73.7, 50.4, 38.6, 35.4, 34.0, 
33.9, 26.9, 21.5, 16.4, 15.2; MS m/z 343 (M+, 3.3); HRMS calcd for C20H25NO2S 343.1606, found 343.1610. 
 
General procedure for RhI-catalyzed [6+2] cycloaddition. 
To a solution of the allenylcyclobutane-alkyne 56, 65 and 69 (0.10 mmol) in solvent (1.0 mL) was added RhI 
 70 
 
catalyst under N2 atomosphere. Then the reaction mixture was stirred at each temperature until complete 
disappearance of the starting material monitored by TLC. The solvent was evaporated off, and the residue was 
chromatographed with hexane-AcOEt to afford the cyclized product 57-59, 66, 70, 71 and 73. Chemical yields 
are summarized in Table 6-10 and Scheme 7. 
 
N-(4-Methylbenzenesulfonyl)-12-phenylsulfonyl-10-azabicyclo[6.4.0]dodeca-1(12),2,7-triene (57a). 
Compound 57a was colorless powders: m.p. 137-140 °C (AcOEt); IR 1686, 1352, 1308, 1161, 1151 cm-1; 1H 
NMR δ 7.87-7.85 (m, 2H), 7.65-7.52 (m, 5H), 7.24-7.22 (m, 2H), 6.93 (d, 1H, J = 11.4 Hz), 5.82 (t, 1H, J = 
8.7 Hz), 5.65 (dt, 1H, J = 11.4, 9.2 Hz), 4.27 (s, 2H), 3.78 (s, 2H), 2.41 (s, 3H), 2.16-2.11 (m, 2H), 1.91-1.85 
(m, 2H), 1.52-1.45 (m, 2H); 13C NMR δ 143.9, 141.4, 141.0, 137.0, 135.5, 133.8, 133.5, 132.3, 131.0, 129.6, 
129.1, 127.7, 127.3, 125.9, 51.9, 46.8, 25.1, 24.7, 24.6, 21.5; MS m/z 455 (M+, 58.2); HRMS calcd for 
C24H25NO4S2 455.1225, found 455.1230. 
 
12-Phenylsulfonyl-10-oxabicyclo[6.4.0]dodeca-1(12),2,7-triene (57c). 
Compound 57c was a coloreless oil: IR 1690, 1308, 1150 cm-1; 1H NMR δ 7.91-7.88 (m, 2H), 7.63-7.59 (m, 
1H), 7.55-7.50 (m, 2H), 7.14 (d, 1H, J = 11.9 Hz), 5.79-5.70 (m, 2H), 4.63 (s, 2H), 4.13 (s, 2H), 2.33-2.27 (m, 
2H), 2.06 (dt, 2H, J = 13.3, 6.4 Hz), 1.58-1.51 (m, 2H); 13C NMR δ 141.4, 140.7, 135.5, 134.5, 134.2, 133.5, 
133.3, 129.0, 127.2, 126.4, 71.9, 66.9, 25.2, 24.8, 24.5; MS m/z 302 (M+, 15.3); HRMS calcd for C17H18O3S 
302.0977, found 302.0975. 
 
10,10-Bis(methoxycarbonyl)-12-phenylsulfonylbicyclo[6.4.0]dodeca-1(12),2,7-triene (57d). 
Compound 57d was a colorless oil: IR 1736, 1306, 1146 cm-1; 1H NMR δ 7.97-7.94 (m, 2H), 7.62-7.50 (m, 
3H), 6.96 (d, 1H, J = 11.4 Hz), 5.77 (t, 1H, J = 9.2 Hz), 5.61 (dt, 1H, J = 11.4, 8.7 Hz), 3.68 (s, 6H), 3.21 (s, 
2H), 2.82 (s, 2H), 2.21-2.16 (m, 2H), 2.03-1.97 (m, 2H), 1.52-1.45 (m, 2H); 13C NMR δ 170.4, 142.2, 141.8, 
137.2, 134.4, 134.1, 133.2, 133.0, 128.8, 127.1, 126.7, 53.7, 52.9, 39.9, 33.6, 25.2, 24.9, 24.8; MS m/z 416 
(M+, 7.8); HRMS calcd for C22H24O6S 416.1294, found 416.1287. 
 
2,2-Dimethyl-12’-phenylsulfonylspiro[1,3-dioxane-5,10’-bicyclo[6.4.0]dodeca-1(12),2,7-triene] (57e). 
Compound 57e was a colorless oil: IR 1670, 1306, 1146 cm-1; 1H NMR δ 7.86-7.84 (m, 2H), 7.59-7.56 (m, 
1H), 7.51-7.49 (m, 2H), 7.21 (d, 1H, J = 12.0 Hz), 5.76 (t, 1H, J = 8.9 Hz), 5.62 (dt, 1H, J = 12.0, 8.9 Hz), 
3.55 (d, 2H, J = 11.7 Hz), 3.50 (d, 2H, J = 11.7 Hz), 2.50 (s, 2H), 2.31 (s, 2H), 2.25-2.21 (m, 2H), 2.05-2.02 
(m, 2H), 1.53-1.49 (m, 2H), 1.42 (s, 3H), 1.40 (s, 3H); 13C NMR δ 142.3, 141.8, 136.0, 134.8, 134.6, 134.4, 
132.9, 128.8, 127.2, 126.9, 98.2, 67.7, 40.2, 34.3, 32.5, 25.0, 24.9, 24.8, 22.3; MS m/z 400 (M+, 3.7); HRMS 
calcd for C23H28O4S 400.1708, found 400.1705. 
 
12-Phenylsulfonylbicyclo[6.4.0]dodeca-1(12),2,7-triene (57f). 
Compound 57f was a coloreless oil: 1H NMR δ 7.82-7.81 (m, 2H), 7.55-7.45 (m, 3H), 7.22 (d, 1H, J = 11.7 
Hz), 5.57 (t, 1H, J = 8.9 Hz), 5.51 (dt, 1H, J = 11.7, 8.9 Hz), 2.64-2.56 (m, 2H), 2.28-2.23 (m, 2H), 2.19-2.15 
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Compound 66a was a colorless oil: IR 1350, 1306, 1161, 1148 cm-1; 1H NMR δ 7.79-7.78 (m, 2H), 7.62-7.61 
(m, 2H), 7.60-7.57 (m, 1H), 7.51-7.47 (m, 2H), 7.26-7.24 (m, 2H), 6.46 (d, 1H, J = 1.4 Hz), 5.81 (t, 1H, J = 
8.9 Hz), 4.31 (s, 2H), 3.78 (s, 2H), 2.41 (s, 3H), 2.08-2.05 (m, 2H), 1.64-1.62 (m, 2H), 1.62 (d, 3H, J = 1.4 
Hz), 1.48-1.44 (m, 2H); 13C NMR δ 144.0, 143.8, 142.1, 141.3, 136.4, 133.8, 133.1, 131.7, 130.8, 129.6, 
128.7, 127.8, 127.2, 120.5, 52.0, 46.7, 29.2, 24.7, 24.5, 24.2, 21.5; MS m/z 469 (M+, 5.6); HRMS calcd for 




Compound 66b was a yellow oil: IR 1350, 1306, 1161, 1150 cm-1; 1H NMR δ 7.82-7.80 (m, 2H), 7.62-7.59 (m, 
3H), 7.52-7.49 (m, 2H), 7.26-7.24 (m, 2H), 6.52 (s, 1H), 5.83 (t, 1H, J = 8.9 Hz), 4.29 (s, 2H), 3.78 (s, 2H), 
2.41 (s, 3H), 2.08-2.05 (m, 2H), 1.91-1.88 (m, 2H), 1.77 (t, 2H, J = 6.5 Hz), 1.50-1.46 (m, 2H), 1.34-1.29 (m, 
4H), 0.91 (t, 3H, J = 7.2 Hz); 13C NMR δ 148.2, 143.8, 142.6, 141.5, 136.5, 133.7, 133.2, 131.1, 130.9, 129.6, 
128.9, 127.8, 126.9, 120.0, 52.0, 46.9, 37.8, 29.6, 28.1, 25.3, 24.7, 22.6, 21.5, 14.0; MS m/z 511 (M+, 14.6); 




Compound 66c was a yellow oil: IR 1352, 1306, 1163, 1150 cm-1; 1H NMR δ 7.82-7.81 (m, 2H), 7.60-7.59 (m, 
2H), 7.55-7.52 (m, 1H), 7.39-7.31 (m, 7H), 7.23-7.22 (m, 2H), 6.90 (s, 1H), 5.84 (t, 1H, J = 8.6 Hz), 4.51 (s, 
2H), 4.32 (s, 2H), 3.84 (s, 2H), 3.78 (s, 2H), 2.39 (s, 3H), 2.10-2.07 (m, 2H), 1.82 (t, 2H, J = 6.5 Hz), 
1.51-1.47 (m, 2H); 13C NMR δ 143.9, 143.2, 141.4, 141.0, 138.0, 136.6, 133.7, 133.3, 132.7, 130.8, 129.6, 
128.9, 128.4, 127.8, 127.7, 127.4, 120.9, 72.9, 72.6, 51.9, 47.0, 25.4, 25.1, 24.8, 21.5; MS m/z 575 (M+, 0.4); 




Compound 66d was a colorless oil: IR 1705, 1352, 1308, 1163, 1151 cm-1; 1H NMR δ 7.91-7.88 (m, 3H), 
7.67-7.63 (m, 1H), 7.60-7.58 (m, 2H), 7.55-7.51 (m, 2H), 7.24-7.22 (m, 2H), 5.87 (t, 1H, J = 8.7 Hz), 4.37 (s, 
2H), 4.25 (q, 2H, J = 7.3 Hz), 3.81 (s, 2H), 2.41 (s, 3H), 2.08-2.00 (m, 4H), 1.57-1.50 (m, 2H), 1.37 (t, 3H, J = 
7.3 Hz); 13C NMR δ 166.1, 144.1, 140.4, 139.6, 137.3, 136.4, 134.8, 133.8, 133.6, 133.5, 129.9, 129.7, 129.1, 
127.7, 127.6, 61.2, 51.7, 47.1, 25.1, 24.3, 24.0, 21.5, 14.3; MS m/z 527 (M+, 4.0); HRMS calcd for 






Compound 66e was a colorless oil: IR 1342, 1304, 1159, 1144 cm-1; 1H NMR δ 7.82 (d, 2H, J = 8.2 Hz), 7.69 
(d, 2H, J = 7.9 Hz), 7.59-7.56 (m, 1H), 7.51-7.48 (m, 2H), 7.32 (d, 2H, J = 7.9 Hz), 6.95 (s, 1H), 4.16 (s, 2H), 
3.81 (s, 2H), 2.44 (s, 3H), 2.18-2.16 (m, 2H), 2.04-2.02 (m, 2H), 1.91-1.88 (m, 2H), 1.73 (s, 3H), 1.54-1.49 (m, 
2H), 1.29-1.26 (m, 4H), 0.90-0.88 (m, 3H); 13C NMR δ 146.9, 145.4, 145.3, 143.8, 142.0, 133.4, 133.0, 130.7, 
129.7, 128.9, 127.7, 127.0, 125.3, 121.6, 45.9, 45.5, 34.5, 30.8, 30.4, 29.7, 26.8, 24.9, 23.0, 21.5, 13.8; MS 
m/z 525 (M+, 14.7); HRMS calcd for C29H35NO4S2 525.2008, found 525.2000. 
 
3-Methyl-12-phenylsulfonyl-10-oxabicyclo[6.4.0]dodeca-1(12),2,7-triene (66f). 
Compound 66f was a colorless oil: IR 1645, 1304, 1148 cm-1; 1H NMR δ 7.86-7.84 (m, 2H), 7.60-7.56 (m, 
1H), 7.52-7.48 (m, 2H), 6.70 (s, 1H), 5.75 (t, 1H, J = 8.7 Hz), 4.69 (s, 2H), 4.13 (s, 2H), 2.24-2.19 (m, 2H), 
1.86 (t, 2H, J = 6.4 Hz), 1.70 (s, 3H), 1.56-1.49 (m, 2H); 13C NMR δ 144.1, 141.6, 141.3, 133.8, 133.5, 133.2, 
133.0, 128.6, 127.2, 121.0, 72.1, 66.9, 29.4, 24.8, 24.6, 24.4; MS m/z 316 (M+, 14.1); HRMS calcd for 
C18H20O3S 316.1133, found 316.1130. 
 
10,10-Bis(methoxycarbonyl)-3-methyl-12-phenylsulfonylbicyclo[6.4.0]dodeca-1(12),2,7-triene (66g). 
Compound 66g was a colorless oil: IR 1736, 1302, 1146 cm-1; 1H NMR δ 7.92-7.89 (m, 2H), 7.58-7.54 (m, 
1H), 7.52-7.47 (m, 2H), 6.51 (d, 1H, J = 1.4 Hz), 5.79 (t, 1H, J = 8.7 Hz), 3.69 (s, 6H), 3.26 (s, 2H), 2.81 (s, 
2H), 2.14-2.09 (m, 2H), 1.71 (t, 2H, J = 6.4 Hz), 1.60 (d, 3H, J = 1.4 Hz), 1.49-1.43 (m, 2H); 13C NMR δ 
170.4, 143.0, 142.2, 142.0, 136.9, 133.7, 132.8, 132.7, 128.4, 127.1, 121.1, 53.5, 52.8, 40.0, 33.4, 29.2, 24.9, 
24.7, 23.9; MS m/z 430 (M+, 12.0); HRMS calcd for C23H26O6S 430.1450, found 430.1451. 
 
3-Methyl-10,10,12-tris(phenylsulfonyl)bicyclo[6.4.0]undeca-1(12),2,7-triene (66h). 
Compound 66h was coloreless powders: m.p. 190-192 °C (AcOEt); IR 1332, 1312, 1150 cm-1; 1H NMR δ 
8.04-8.02 (m, 4H), 7.85-7.83 (m, 2H), 7.73-7.71 (m, 2H), 7.60-7.57 (m, 4H), 7.55-7.53 (m, 1H), 7.48-7.45 (m, 
2H), 6.29 (d, 1H, J = 1.0 Hz), 5.64 (t, 1H, J = 8.6 Hz), 3.61 (s, 2H), 3.10 (s, 2H), 2.09-2.05 (m, 2H), 1.74 (t, 
2H, J = 6.5 Hz), 1.53 (d, 3H, J = 1.0 Hz), 1.51-1.48 (m, 2H); 13C NMR δ 143.9, 142.5, 141.5, 138.4, 136.2, 
134.8, 132.9, 131.7, 131.4, 130.0, 128.7, 128.5, 127.2, 120.5, 85.9, 35.3, 29.3, 29.0, 25.0, 24.2; FAB MS m/z 




Compound 66i was a colorless oil: IR 1304, 1142 cm-1; 1H NMR δ 7.81-7.78 (m, 2H), 7.57-7.52 (m, 1H), 
7.49-7.45 (m, 2H), 6.71 (d, 1H, J = 1.4 Hz), 5.78 (t, 1H, J = 8.7 Hz), 3.61 (d, 2H, J = 11.9 Hz), 3.52 (d, 2H, J 
= 11.9 Hz), 2.58 (s, 2H), 2.33 (s, 2H), 2.19-2.13 (m, 2H), 1.79 (t, 2H, J = 6.4 Hz), 1.62 (d, 3H, J = 1.4 Hz), 
1.51-1.46 (m, 2H), 1.44 (s, 3H), 1.41 (s, 3H); 13C NMR δ 142.9, 142.6, 142.1, 136.1, 134.1, 133.9, 132.6, 
128.5, 127.0, 121.8, 98.3, 67.6, 40.4, 34.1, 32.2, 29.4, 24.93, 24.87, 24.6, 22.1; MS m/z 414 (M+, 3.3); HRMS 
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calcd for C24H30O4S 414.1865, found 414.1875. 
 
3-Methyl-12-phenylsulfonylbicyclo[6.4.0]dodeca-1(12),2,7-triene (66j). 
Compound 66j was a colorless oil: IR 1645, 1346, 1142 cm-1; 1H NMR δ 7.82-7.80 (m, 2H), 7.54-7.52 (m, 
1H), 7.47-7.45 (m, 2H), 6.69 (d, 1H, J = 1.4 Hz), 5.64 (t, 1H, J = 8.9 Hz), 2.73 (t, 2H, J = 6.2 Hz), 2.30-2.28 
(m, 2H), 2.14-2.11 (m, 2H), 1.81-1.76 (m, 2H), 1.60 (d, 3H, J = 1.4 Hz), 1.47-1.43 (m, 2H); 13C NMR δ 142.6, 
142.5, 142.4, 137.3, 136.8, 132.9, 132.4, 35.2, 29.3, 28.3, 24.78, 24.75, 24.6, 23.2; MS m/z 314 (M+, 47.1); 
HRMS calcd for C19H22O2S 314.1341, found 314.1337. 
 
3-Methyl-11-phenylsulfonylbicyclo[6.3.0]undeca-1(11),2,7-triene (70b). 
Compound 70b was a colorless oil: IR 1308, 1150 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 7.61-7.58 (m, 1H), 
7.54-7.51 (m, 2H), 6.90 (d, 1H, J = 1.4 Hz), 5.61 (t, 1H, J = 8.6 Hz), 2.63-2.61 (m, 2H), 2.56-2.54 (m, 2H), 
2.19 (m, 4H), 1.87 (d, 3H, J = 1.4 Hz), 1.57-1.53 (m, 2H); 13C NMR δ 148.3, 148.0, 145.1, 141.2, 138.7, 
132.9, 128.9, 127.2, 125.4, 119.4, 31.1, 30.8, 30.2, 24.7, 24.5, 24.0; MS m/z 300 (M+, 57.7); HRMS calcd for 
C18H20O2S 300.1184, found 300.1183. 
 
3,12-Dimethyl-N-(4-methylbenzenesulfonyl)-10-azabicyclo[6.4.0]dodeca-1(12),2,7-triene (73). 
Compound 73 was yellow powders: m.p. 110-113 °C (AcOEt); IR 1653, 1346, 1163 cm-1; 1H NMR δ 7.66 (d, 
2H, J = 8.2 Hz), 7.29 (d, 2H, J = 8.2 Hz), 5.93 (s, 1H), 5.32 (t, 1H, J = 8.7 Hz), 3.66 (s, 4H), 2.42 (s, 3H), 
2.14-2.13 (m, 2H), 2.02 (s, 2H), 1.70 (s, 3H), 1.65 (s, 3H), 1.44-1.37 (m, 2H); 13C NMR δ 143.4, 133.8, 131.1, 
130.9, 129.4, 129.2, 128.8, 128.3, 127.8, 125.9, 52.1, 50.7, 27.6, 27.0, 21.5, 16.9; MS m/z 343 (M+, 47.6); 




Compound 58a was a colorless powder: m.p. 138-141 °C (CH2Cl2); IR 1352, 1306, 1163, 1146 cm-1; 1H NMR 
δ 7.85-7.84 (m, 2H), 7.67-7.62 (m, 3H), 7.56-7.52 (m, 2H), 7.30-7.28 (m, 2H), 5.73-5.72 (m, 1H), 5.46 (s, 1H), 
5.28 (s, 1H), 4.27 (d, 2H, J = 1.4 Hz), 3.85 (s, 2H), 2.65-2.62 (m, 2H), 2.42 (s, 3H), 1.83-1.80 (m, 2H), 
1.69-1.62 (m, 2H); 13C NMR δ 149.6, 144.0, 143.0, 141.2, 134.8, 133.4, 133.3, 133.0, 129.8, 128.7, 127.8, 
127.7, 120.7, 113.2, 48.3, 45.9, 31.6, 30.5, 21.5, 16.5; MS m/z 455 (M+, 8.1); HRMS calcd for C24H25NO4S2 




Compound 31b was a colorless oil: IR 1352, 1306, 1163 cm-1; 1H NMR δ 7.85-7.83 (m, 2H), 7.67-7.64 (m, 
2H), 7.62-7.58 (m, 1H), 7.54-7.51 (m, 2H), 7.29-7.28 (m, 2H), 5.98 (t, 1H, J = 7.3 Hz), 5.73 (s, 1H), 4.26 (s, 
2H), 3.88 (s, 2H), 2.64-2.61 (m, 2H), 2.42 (s, 3H), 2.16-2.11 (m, 2H), 1.76-1.72 (m, 2H), 1.67-1.61 (m, 2H), 
1.38-1.29 (m, 4H), 0.90 (t, 3H, J = 6.9 Hz). 
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4-(Cyclobutylidenemethyl)-3-methylene-5-phenylsulfonyl-1,2,3,6-tetrahydropyrane (58c).  
Compound 58c was a yellow powder: m.p. 129-131 °C (hexane-CH2Cl2); IR 1306, 1144 cm-1; 1H NMR δ 
7.90-7.88 (m, 2H), 7.65-7.61 (m, 1H), 7.56-7.52 (m, 2H), 5.94-5.93 (m, 1H), 5.45 (s, 1H), 5.18 (s, 1H), 4.66 (s, 
2H), 4.25 (s, 2H), 2.72-2.68 (m, 2H), 2.02-1.98 (m, 2H), 1.75-1.67 (m, 2H); 13C NMR δ 149.5, 142.2, 141.6, 
136.5, 134.9, 133.2, 128.7, 127.6, 117.7, 113.1, 68.9, 66.1, 31.7, 30.8, 16.6; MS m/z 302 (M+, 2.6); HRMS 
calcd for C17H18O3S 302.0977, found 302.0975. 
 
2-Cyclobutylidenemethyl-5,5-bis(methoxycarbonyl)-3-methylene-1-phenylsulfonylcyclohex-1-ene (56d). 
Compound 31d was a colorless oil: 1H NMR δ 7.96-7.93 (m, 2H), 7.64-7.59 (m,1H), 7.56-7.52 (m, 2H), 
5.87-5.85 (m, 1H), 5.51 (s, 1H), 5.28 (s, 1H), 3.66 (s, 6H), 3.28 (d, 2H, J = 1.8 Hz), 2.90 (s, 2H), 2.65-2.61 (m, 
2H), 1.81-1.77 (m, 2H), 1.67-1.59 (m, 2H); 13C NMR δ 170.2, 147.8, 143.8, 141.7, 137.1, 134.8, 132.9, 128.4, 
127.8, 122.0, 114.6, 53.4, 52.9, 36.0, 32.8, 31.4, 30.1, 16.5; MS m/z 416 (M+, 5.8); HRMS calcd for 




Compound 58e was a colorless white poeders: m.p. 85-88 °C (hexane-Et2O); IR 1719, 1676, 1304, 1144 cm-1; 
1H NMR δ 7.86-7.85 (m, 2H), 7.61-7.58 (m, 1H), 7.53-7.51 (m, 2H), 5.90 (t, 1H, J = 2.1 Hz), 5.51 (s, 1H), 
5.27 (s, 1H), 3.58 (d, 2H, J = 11.7 Hz), 3.52 (d, 2H, J = 11.7 Hz), 2.65-2.63 (m, 4H), 2.36 (s, 2H), 1.92-1.89 
(m, 2H), 1.69-1.63 (m, 2H), 1.44 (s, 3H), 1.42 (s, 3H); 13C NMR δ 148.3, 143.8, 141.9, 137.9, 134.7, 132.8, 
128.5, 127.5, 122.0, 115.2, 98.4, 67.4, 36.2, 33.3, 32.4, 31.5, 30.5, 29.7, 24.5, 22.8, 16.6; MS m/z 400 (M+, 
13.3); HRMS calcd for C23H28O4S 400.1708, found 400.1706. 
 
2-Cyclobutylidenemethyl-3-methylene-1-phenylsulfonylcyclohex-1-ene (58f). 
Compound 31f was a coloreless oil: 1H NMR δ 7.82-7.81 (m, 2H), 7.55-7.45 (m, 3H), 5.84 (d, 1H, J = 2.1 Hz), 
5.29 (s, 1H), 5.06 (s, 1H), 2.64-2.56 (m, 4H), 2.28-2.23 (m, 2H), 1.92-1.90 (m, 2H), 1.62-1.60 (m, 2H), 
1.44-1.40 (m, 2H). 
 
4-Cyclobutyl-2-phenylsulfonylbut-1-en-3-yne (59). 
Compound 32 was a yellow oil: IR 2220, 1319, 1150 cm-1; 1H NMR δ 7.96-7.95 (m, 2H), 7.67-7.64 (m, 1H), 
7.57-7.54 (m, 2H), 6.60 (s, 1H), 6.04 (s, 1H), 3.12-3.07 (m, 1H), 2.27-2.21 (m, 2H), 2.08-2.01 (m, 2H), 
1.96-1.83 (m, 2H); 13C NMR δ 138.1, 135.6, 133.7, 128.91, 128.87, 128.4, 102.7, 73.1, 29.2, 25.3, 19.2; MS 
m/z 246 (M+, 1.8); HRMS calcd for C14H14O2S 246.0715, found 246.0717. 
 
Chapter 3 
General procedure for preparation of enynes 81b,h,i. 
To a solution of LDA (11 mmol) and HMPA (14 mmol) in THF (10 mL) was added a solution of alkene 80 (10 
mmol) in THF (10 mL) at 0 °C. After stirring for 1 h, propargyl bromide (11 mmol) was added at -78 °C, and 
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the reaction mixture was further stirred for 1 hour. Then, the mixture was quenched by addition of saturated 
aqueous NH4Cl, extracted with Et2O. The extract was washed with water and brine, dried and concentrated to 
dryness. The residue was chromatographed with hexane-AcOEt to afford the corresponding enynes 81. 
Chemical yields are summarized in Scheme 9. 
 
(E)-Dimethyl 2-(Prop-1-enyl)-2-(prop-2-ynyl)malonate (81b). 
Compound 81b was a yellow oil: IR 3308, 1734 cm-1; 1H NMR δ 5.97 (dq, 1H, J = 16.0, 1.8 Hz), 5.64 (dq, 1H, 
J = 16.0, 6.4 Hz), 3.75 (s, 6H), 2.91 (d, 2H, J = 2.7 Hz), 1.99 (t, 1H, J = 2.7 Hz), 1.77 (dd, 3H, J = 6.4, 1.8 
Hz); 13C NMR δ 169.9, 128.5, 126.1, 79.0, 71.1, 58.9, 52.9, 25.2, 18.2; DART MS m/z 211 (M++1, 100); 
DART HRMS calcd for C11H15O4 211.0970, found 211.0962. 
 
(E)-Dimethyl 2-(But-1-enyl)-2-(prop-2-ynyl)malonate (81h). 
Compound 81h was a colorless oil: IR 3308, 1732 cm-1; 1H NMR δ 5.95 (dt, 1H, J = 15.8, 1.4 Hz), 5.65 (dt, 
1H, J = 15.8, 6.2 Hz), 3.75 (s, 6H), 2.92 (d, 2H, J = 2.7 Hz), 2.15-2.10 (m, 2H), 1.98 (t, 1H, J = 2.7 Hz), 1.00 
(t, 3H, J = 7.6 Hz); 13C NMR δ 170.0, 135.2, 124.1, 79.1, 71.0, 58.8, 52.9, 25.7, 25.4, 13.1; DART MS m/z 
225 (M++1, 59.1); DART HRMS calcd for C12H17O4 225.1127, found 225.1119. 
 
Dimethyl 2-Ethenyl-2-(prop-2-ynyl)malonate (81i). 
Compound 81i was a colorless oil: IR 3308, 1736 cm-1; 1H NMR δ 6.37 (dd, 1H, J = 17.5, 10.7 Hz), 5.39 (d, 
1H, J = 10.7 Hz), 5.25 (d, 1H, J = 17.5 Hz), 3.78 (s, 6H), 2.96 (d, 2H, J = 2.7 Hz), 2.01 (t, 1H, J = 2.7 Hz); 
13C NMR δ 169.4, 133.3, 117.5, 78.3, 71.3, 59.6, 53.0, 24.8; DART MS m/z 197 (M++1, 100); DART HRMS 
calcd for C10H13O4 197.0814, found 197.0801. 
 
(E)-2-(Prop-1-enyl)-2-(prop-2-ynyl)propane-1,3-diol (82). 
To a solution of LiAlH4 (283 mg, 7.5 mmol) in Et2O (7.0 mL) was added 81b (626 mg, 3.0 mmol) in Et2O (3.0 
mL) at 0 ºC. After stirring for 1 h at room temperature, the reaction mixture was quenched by addition of 
saturated aqueous Na2SO4 and solid Na2SO4 was added to eliminate H2O. The mixture was filtered through a 
Celite pad and the filtrate was chromatographed with hexane-AcOEt (2:1) to afford 82 (421 mg, 92%) as 
colorless needles: m.p. 76-79 °C (hexane-AcOEt); IR 3628, 3435, 3308 cm-1; 1H NMR δ 5.62 (dq, 1H, J = 
16.2, 6.5 Hz), 5.38 (dq, 1H, J = 16.2, 1.7 Hz), 3.73-3.67 (m, 4H), 2.42 (d, 2H, J = 2.7 Hz), 2.37-2.35 (m, 2H), 
2.03 (t, 1H, J = 2.7 Hz), 1.74 (dd, 3H, J = 6.5, 1.7 Hz); 13C NMR δ 131.0, 127.2, 81.1, 70.8, 67.0, 45.0, 22.6, 
18.6; DART MS m/z 155 (M++1, 5.7); DART HRMS calcd for C9H15O2 155.1072, found 155.1069. 
 
(E)-4,4-Bis(methoxymethyl)hept-5-en-1-yne (81c). 
To a solution of 82 (404 mg, 2.6 mmol) in THF (20 ml) was added NaH in 60% mineral oil (628 mg, 16 
mmol) at 0°C. After the mixture was stirred for 30 minutes at the same temperature, MeI (1.3 mL, 21 mmol) 
was added. Then the reaction mixture was warmed to room temperature, and stirred for 1 h. The reaction 
mixture was quenched by addition of water, and extracted with Et2O. The extract was washed with water and 
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brine, dried, and concentrated to dryness. The residue was chromatographed with hexane-AcOEt (20:1) to 
afford 81c (354 mg, 74%) as a colorless oil: IR 3308 cm-1; 1H NMR δ 5.60 (dq, 1H, J = 15.6, 6.0 Hz), 5.47 (dq, 
1H, J = 15.6, 1.4 Hz), 3.37 (s, 2H), 3.36 (s, 2H), 3.34 (s, 6H), 2.34 (d, 2H, J = 2.7 Hz), 1.97 (t, 1H, J = 2.7 Hz), 
1.72 (dd, 3H, J = 6.0, 1.4 Hz) ; 13C NMR δ 132.0, 125.4, 81.4, 75.3, 70.1, 59.4, 43.9, 23.2, 18.6; DART MS 
m/z 183 (M++1, 17.6); DART HRMS calcd for C11H19O2 183.1385, found 183.1378. 
 
2,2-Bis(methoxymethyl)pent-4-ynal (83). 
To a solution of 81c (157 mg, 0.86 mmol) and Sudan Red 7B in CH2Cl2 (8.6 mL) was bubbled through ozone 
at -78 ºC till the red color of Sudan Red 7B disappeared. After the excess ozone was flushed off with nitrogen, 
PPh3 (451 mg, 1.7 mmol) was added at -78 ºC. Then the reaction mixture was warmed to room temperature, 
and stirred for 1 h. The solvent was evaporated off, and the residue was chromatographed with hexane-AcOEt 
(10:1) to afford 83 (126 mg, 86%) as a colorless oil: IR 3308, 1728 cm-1; 1H NMR δ 9.67 (s, 1H), 3.65 (d, 2H, 
J = 9.3 Hz), 3.57 (d, 2H, J = 9.3 Hz), 3.33 (s, 6H), 2.55 (d, 2H, J = 2.7 Hz), 2.01 (t, 1H, J = 2.7 Hz); 13C NMR 
δ 203.0, 79.5, 71.6, 71.1, 59.5, 54.0, 18.2; DART MS m/z 171 (M++1, 100); DART HRMS calcd for C9H15O3 
171.1021, found 171.1021. 
 
(Z)-4,4-Bis(methoxymethyl)hept-5-en-1-yne (81j). 
To a solution of ethyltriphenylphosphonium bromide (1.0 g, 2.7 mmol) in THF (7.0 ml) was added t-BuOK 
(302 mg, 2.7 mmol) at 0 °C. After stirring for 30 minutes, a solution of 83 (309 mg, 1.8 mmol) in THF (3.0 
ml) was added at the same temperature, and the reaction mixture was further stirred for 1 h at room 
temperature. Then, the mixture was quenched by addtion of saturated aqueous NH4Cl, extracted with Et2O. 
The extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-AcOEt (20:1) to afford 81j (260 mg, 78%) as a colorless oil: IR 3308 cm-1; 1H 
NMR δ 5.63 (dq, 1H, J = 12.4, 7.3 Hz), 5.27 (dq, 1H, J = 12.4, 1.8 Hz), 3.49 (s, 4H), 3.36 (s, 6H), 2.49 (d, 2H, 
J = 2.7 Hz), 1.97 (t, 1H, J = 2.7 Hz), 1.77 (dd, 3H, J = 7.3, 1.8 Hz); 13C NMR δ 130.5, 126.9, 81.6, 75.1, 69.7, 




To a solution of 82 (154 mg, 1.0 mmol) in CH2Cl2 (10 mL) was added PPTS (25 mg, 0.10 mmol) and 
2,2-dimethoxypropane (1.2 mL, 10 mmol) at room temperature. After stiring for 1 h at room temperature, the 
reaction mixture was quenched by addition of saturated aqueous NaHCO3, and the mixture was extracted with 
CH2Cl2. The extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-AcOEt (10:1) to afford 81d (172 mg, 89%) as a colorless oil: IR 3308 cm-1; 1H 
NMR δ 5.58 (dq, 1H, J = 16.0, 6.4 Hz), 5.32 (dq, 1H, J = 16.0, 1.4 Hz), 3.78 (d, 2H, J = 11.9 Hz), 3.68 (d, 2H, 
J = 11.9 Hz), 2.58 (d, 2H, J = 2.7 Hz), 2.01 (t, 1H, J = 2.7 Hz), 1.72 (dd, 3H, J = 6.4, 1.4 Hz), 1.44 (s, 3H), 
1.42 (s, 3H); 13C NMR δ 130.8, 126.5, 97.9, 81.4, 70.7, 66.6, 37.7, 27.9, 23.7, 19.5, 18.5; DART MS m/z 195 
(M++1, 26.6); DART HRMS calcd for C12H19O2 195.1385, found 195.1402. 
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General procedure for preparation of propargylalcohols 75a-g, 84b-d,h-j, 91a,b. 
To a solution of enyne 74, 81 and 90 (1.0 mmol) in THF (10 mL) was added LHMDS (1.2 mL, 1.2 mmol, 1.0 
M solution in THF) at -78 °C. After stirring for 30 minutes, cyclopropanecarboxaldehyde (1.4 mmol) was 
added at the same temperature, and the reaction mixture was further stirred for 5 minutes at the same 
temperature. Then, the mixture was quenched by addition of saturated aqueous NH4Cl, extracted with AcOEt. 
The extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-AcOEt to afford the corresponding propargylalcohols 75, 84 and 91. Chemical 
yields are summarized in Scheme 8, 9 and 14. 
 
N-(4-Cyclopropyl-4-hydroxybut-2-ynyl)-N-(prop-2-enyl)-4-methylbenzenesulfonamide (75a). 
Compound 75a was a colorless oil: IR 3589, 1348, 1161 cm-1; 1H NMR δ 7.76-7.72 (m, 2H), 7.33-7.30 (m, 
2H), 5.74 (ddt, 1H, J = 17.0, 10.1, 6.4 Hz), 5.33-5.22 (m, 2H), 4.11 (d, 2H, J = 1.6 Hz), 3.94-3.90 (m, 1H), 
3.82 (d, 2H, J = 6.4 Hz), 2.43 (s, 3H), 1.68-1.66 (m, 1H), 1.09-0.97 (m, 1H), 0.52-0.36 (m, 2H), 0.28-0.14 (m, 
2H); 13C NMR δ 143.6, 136.2, 131.9, 129.5, 127.9, 120.0, 84.5, 77.7, 65.4, 49.1, 36.0, 21.5, 16.8, 3.1, 1.3; 
DART MS m/z 320 (M++1, 100); DART HRMS calcd for C17H22NO3S 320.1320, found 320.1320. 
 
Dimethyl 2-(4-Cyclopropyl-4-hydroxybut-2-ynyl)-2-(prop-2-enyl)malonate (75b). 
Compound 75b was a colorless oil: IR 3595, 1734 cm-1; 1H NMR δ 5.78 (ddt, 1H, J = 17.4, 10.1, 7.3 Hz), 
5.20-5.12 (m, 2H), 4.28-4.26 (m, 1H), 3.74 (s, 6H), 2.82 (d, 2H, J = 1.8 Hz), 2.77 (d, 2H, J = 7.3 Hz), 1.97 (s, 
1H), 1.25-1.17 (m, 1H), 0.58-0.36 (m, 4H); 13C NMR δ 170.2, 131.6, 119.9, 82.0, 79.9, 65.5, 57.0, 52.8, 36.6, 




Compound 75c was a colorless oil: IR 3597 cm-1; 1H NMR δ 5.61 (ddt, 1H, J = 17.4, 10.1, 7.8 Hz), 5.11-5.07 
(m, 2H), 4.32-4.29 (m, 1H), 3.32 (s, 6H), 3.24 (d, 2H, J = 9.2 Hz), 3.21 (d, 2H, J = 9.2 Hz), 2.21 (d, 2H, J = 
1.8 Hz), 2.14 (d, 2H, J = 7.8 Hz), 1.79 (d, 1H, J = 6.0 Hz), 1.28-1.20 (m, 1H), 0.59-0.40 (m, 4H); 13C NMR δ 
133.7, 118.0, 82.2, 80.8, 74.3, 65.6, 59.2, 41.8, 36.2, 22.2, 17.2, 3.0, 1.2; DART MS m/z 253 (M++1, 25.5); 
DART HRMS calcd for C15H25O3 253.1804, found 253.1805. 
 
5-(4-Cyclopropyl-4-hydroxy-but-2-ynyl)-2,2-dimethyl-5-(prop-2-enyl)-1,3-dioxane (75d). 
Compound 75d was a colorless oil: IR 3597, 3443 cm-1; 1H NMR δ 5.74 (ddt, 1H, J = 17.2, 10.0, 7.6 Hz), 
5.15-5.12 (m, 2H), 4.25-4.23 (m, 1H), 3.66 (d, 2H, J = 11.7 Hz), 3.63 (d, 2H, J = 11.7 Hz), 2.40 (d, 2H, J = 
2.1 Hz), 2.14 (d, 2H, J = 7.6 Hz), 1.82 (d, 1H, J = 6.2 Hz), 1.42 (s, 3H), 1.41 (s, 3H), 1.26-1.21 (m, 1H), 
0.58-0.50 (m, 2H), 0.48-0.39 (m, 2H); 13C NMR δ 132.2, 119.0, 98.1, 81.8, 81.6, 66.7, 65.9, 37.0, 35.5, 25.8, 






Compound 75e was a colorless oil: IR 3595, 2253 cm-1; 1H NMR δ 5.82-5.75 (m, 1H), 5.04 (dd, 1H, J = 17.2, 
1.7 Hz), 4.99 (dd, 1H, J = 10.1, 1.7 Hz), 4.23 (t, 1H, J = 6.0 Hz), 2.22 (td, 2H, J = 7.1, 1.9 Hz), 2.14 (m, 2H), 
1.63-1.58 (m, 2H), 1.25-1.20 (m, 1H), 0.57-0.50 (m, 2H), 0.49-0.45 (m, 1H), 0.43-0.39 (m, 1H). 
 
N-(4-Cyclopropyl-4-hydroxybut-2-ynyl)-N-(prop-2-enyl)-2-nitrobenzenesulfonamide (75f). 
Compound 75f was a yellow oil: IR 3595, 1547, 1369, 1167 cm-1; 1H NMR δ 8.11-8.06 (m, 1H), 7.75-7.65 (m, 
3H), 5.73 (ddt, 1H, J = 16.9, 10.1, 6.4 Hz), 5.34-5.26 (m, 2H), 4.17 (d, 2H, J = 1.4 Hz), 4.07 (brs, 1H), 4.01 (d, 
2H, J = 6.4 Hz), 1.80-1.79 (m, 1H), 1.14-1.07 (m, 1H), 0.56-0.40 (m, 2H), 0.32-0.25 (m, 2H); 13C NMR δ 
148.1, 133.7, 133.0, 131.7, 131.5, 131.1, 124.2, 120.3, 84.4, 65.4, 49.5, 36.1, 16.8, 3.1, 1.4; DART MS m/z 
351 (M++1, 9.8); DART HRMS calcd for C16H19N2O5S 351.1015, found 351.1017. 
 
 
4-Cyclopropyl-4-hydroxybut-2-ynyl Prop-2-enyl Ether (75g). 
Compound 75g was a colorless oil: IR 3595, 3421 cm-1; 1H NMR δ 5.91 (ddt, 1H, J = 17.2, 10.7, 5.8 Hz), 5.31 
(dq, 1H, J = 17.2, 1.4 Hz), 5.23 (dq, 1H, J = 10.7, 1.4 Hz), 4.24-4.22 (m, 1H), 4.19 (d, 1H, J = 1.7 Hz), 4.06 
(dt, 2H, J = 5.8, 1.4 Hz), 1.96 (d, 1H, J = 5.8 Hz), 1.28-1.23 (m, 1H), 0.61-0.53 (m, 2H), 0.50-0.42 (m, 2H); 
13C NMR δ 133.9, 118.0, 85.2, 80.9, 70.6, 65.8, 57.3, 17.1, 3.2, 1.6; DART MS m/z 167 (M++1, 15.2); DART 
HRMS calcd for C10H15O2 167.1072, found 167.1060. 
 
(E)-Dimethyl 2-(4-Cyclopropyl-4-hydroxybut-2-ynyl)-2-(prop-1-enyl)malonate (84b). 
Compound 84b was a yellow oil: IR 3589, 1734 cm-1; 1H NMR δ 5.95 (dq, 1H, J = 16.0, 1.4 Hz), 5.62 (dq, 1H, 
J = 16.0, 6.4 Hz), 4.32-4.29 (m, 1H), 3.76 (s, 6H), 2.93 (d, 2H, J = 1.8 Hz), 1.92-1.91 (m, 1H), 1.78 (dd, 3H, J 
= 6.4, 1.4 Hz), 1.23-1.15 (m, 1H), 0.55-0.33 (m, 4H); 13C NMR δ 169.9, 128.4, 126.2, 81.4, 80.4, 65.4, 59.0, 




Compound 84c was a colorless oil: IR 3595, 3447 cm-1; 1H NMR δ 5.54 (dq, 1H, J = 16.0, 6.4 Hz), 5.44-5.39 
(m, 1H), 4.31-4.29 (m, 1H), 3.32-3.31 (m, 10H), 2.32 (d, 2H, J = 1.8 Hz), 2.03 (brs, 1H), 1.69 (dd, 3H, J = 6.4, 
1.4 Hz), 1.24-1.16 (m, 1H), 0.55-0.36 (m, 4H); 13C NMR δ 132.1, 125.3, 82.6, 80.6, 75.4, 65.6, 59.4, 44.1, 




Compound 84d was a colorless oil: IR 3593, 3501 cm-1; 1H NMR δ 5.55 (dq, 1H, J = 15.8, 6.5 Hz), 5.28 (dq, 
1H, J = 15.8, 1.7 Hz), 4.29 (brs, 1H), 3.77 (d, 2H, J = 11.7 Hz), 3.65 (dt, 2H, J = 11.7, 2.4 Hz), 2.58 (d, 2H, J 
= 2.1 Hz), 2.07 (brs, 1H), 1.71 (dd, 3H, J = 6.5, 1.7 Hz), 1.43 (s, 3H), 1.41 (s, 3H), 1.24-1.18 (m, 1H), 
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0.55-0.44 (m, 3H), 0.42-0.37 (m, 1H); 13C NMR δ 131.0, 126.4, 98.0, 82.6, 81.3, 66.6, 65.7, 37.9, 27.8, 24.0, 
19.7, 18.5, 17.1, 3.0, 1.2; DART MS m/z 265 (M++1, 5.7); DART HRMS calcd for C16H25O3 265.1804, found 
265.1790 
 
(E)-Dimethyl 2-(1-Butenyl)-2-(4-cyclopropyl-4-hydroxybut-2-ynyl)malonate (84h). 
Compound 84h was a colorless oil: IR 3593, 1734 cm-1; 1H NMR δ 5.92 (dt, 1H, J = 15.8, 1.4 Hz), 5.63 (dq, 
1H, J = 15.8, 6.5 Hz), 4.29 (dt, 1H, J = 5.8, 1.7 Hz), 3.75 (s, 6H), 2.93 (d, 2H, J = 1.7 Hz), 2.15-2.10 (m, 2H), 
1.80 (brs, 1H), 1.20-1.15 (m, 1H), 1.01 (t, 3H, J = 7.6 Hz), 0.53-0.34 (m, 4H); 13C NMR δ 170.0, 135.0, 124.2, 
81.3, 80.5, 65.4, 58.9, 52.9, 25.7, 25.6, 16.8, 13.1, 2.9, 1.0; DART MS m/z 295 (M++1, 6.1); DART HRMS 
calcd for C16H23O5 295.1546, found 295.1564. 
 
Dimethyl 2-Ethenyl-2-(4-cyclopropyl-4-hydroxybut-2-ynyl)malonate (84i). 
Compound 84i was a colorless oil: IR 3587, 1736 cm-1; 1H NMR δ 6.33 (dd, 1H, J = 17.4, 11.0 Hz), 5.37 (d, 
1H, J = 11.0 Hz), 5.23 (d, 1H, J = 17.4 Hz), 4.29-4.26 (m, 1H), 3.78 (s, 6H), 2.97 (d, 2H, J = 1.8 Hz), 1.81 (d, 
1H, J = 6.4 Hz), 1.22-1.14 (m, 1H), 0.53-0.33 (m, 4H); 13C NMR δ 169.5, 133.4, 117.5, 81.7, 80.0, 65.4, 59.7, 




Compound 84j was a colorless oil: IR 3595, 3443 cm-1; 1H NMR δ 5.61 (dq, 1H, J = 12.4, 7.3 Hz), 5.23 (d, 
1H, J = 12.4 Hz), 4.31 (t, 1H, J = 6.0 Hz), 3.45 (s, 4H), 3.36 (s, 6H), 2.48 (d, 2H, J = 0.9 Hz), 1.80 (d, 1H, J = 
6.0 Hz), 1.75 (d, 3H, J = 7.3 Hz), 1.26-1.19 (m, 1H), 0.57-0.39 (m, 4H); 13C NMR δ 130.6, 126.8, 82.9, 80.2, 
75.2, 65.8, 59.4, 45.3, 23.9, 17.2, 14.7, 3.1 1.2; DART MS m/z 253 (M++1, 36.2); DART HRMS calcd for 
C15H25O3 253.1804, found 253.1785. 
 
(E)- and (Z)-Dimethyl 2-(But-2-enyl)-2-(4-cyclopropyl-4-hydroxybut-2-ynyl)malonate (91a). 
A mixture of (E)-91a and (Z)-91a in the ratio of 88 to 12 was obtained as a colorless oil: IR 3597, 1734 cm-1; 
1H NMR δ 5.69-5.54 (m, 88/100 x 1H, 12/100 x 1H), 5.25-5.14 (m, 88/100 x 1H, 12/100 x 1H), 4.29-4.22 (m, 
88/100 x 1H, 12/100 x 1H), 3.74 (s, 12/100 x 6H), 3.73 (s, 88/100 x 6H), 2.81-2.79 (m, 88/100 x 2H, 12/100 x 
4H), 2.69 (d, 88/100 x 2H, J = 7.3 Hz), 1.91 (brs, 88/100 x 1H, 12/100 x 1H), 1.66-1.65 (m, 88/100 x 3H, 
12/100 x 3H), 1.23-1.16 (m, 88/100 x 1H, 12/100 x 1H), 0.57-0.36 (m, 88/100 x 4H, 12/100 x 4H); 13C NMR 
δ 170.40, 170.35, 130.6, 129.0, 123.8, 122.9, 81.8, 80.1, 65.55, 65.50, 57.1, 57.0, 52.73, 52.68, 35.4, 29.5, 
22.7, 18.0, 17.0, 16.9, 3.0, 1.2, 1.1; DART MS m/z 295 (M++1, 3.1); DART HRMS calcd for C16H23O5 
295.1546, found 295.1558. 
 
Dimethyl 2-(4-Cyclopropyl-4-hydroxybut-2-ynyl)-2-(3-methylbut-2-enyl)malonate (91b). 
Compound 91b was a colorless oil: IR 3595, 1734 cm-1; 1H NMR δ 4.89 (t, 1H, J = 7.8 Hz), 4.25-4.22 (m, 1H), 
3.73 (s, 6H), 2.79 (d, 2H, J = 1.8 Hz), 2.74 (d, 2H, J = 7.8 Hz), 2.13-2.11 (m, 1H), 1.70 (s, 3H), 1.65 (s, 3H), 
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1.24-1.16 (m, 1H), 0.57-0.35 (m, 4H); 13C NMR δ 170.5, 136.8, 116.9, 81.8, 80.3, 65.5, 57.2, 52.6, 30.8, 26.0, 
22.7, 17.9, 16.9, 3.0, 1.2; DART MS m/z 309 (M++1, 7.1); DART HRMS calcd for C17H25O5 309.1702, found 
309.1684. 
 
General procedure for preparation of allenylcyclopropane-alkenes 76a-g, 85b-d,h-j and 92a,b. 
To a solution of propargylalcohol 75, 84 and 91 (1.0 mmol) and Et3N (6.0 mmol) in THF (20 mL) was 
gradually added PhSCl (3.0 mmol) at -78 °C. After stirring for 1 h at the same temperature, the reaction 
mixture was quenched by addition of saturated aqueous NaHCO3, and the mixture was extracted with AcOEt. 
The extract was washed with water and brine, dried, and concentrated to dryness. The residue was passed 
through a short pad of silica gel with hexane-AcOEt to afford the crude sulfoxide. To a solution of the crude 
sulfoxide in CH2Cl2 (5 mL) was added mCPBA (1.2 mmol) at 0 °C. After stirring for 30 minutes, the reaction 
mixture was quenched by addition of saturated aqueous Na2S2O3 and NaHCO3, and the mixture was extracted 
with CH2Cl2. The extract was washed with water and brine, dried, and concentrated to dryness. The residue 
was chromatographed with hexane-CH2Cl2 to afford the corresponding allenylcyclopropane-alkenes 76, 85 
and 92. Chemical yields are summarized in Scheme 8, 9 and 14. 
 
N-(4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)-N-(prop-2-enyl)-4-methylbenzenesulfonamide (76a). 
Compound 76a was colorless plates: m.p. 91-94 °C (hexane-iPr2O); IR 1961, 1348, 1321, 1159, 1153 cm-1; 1H 
NMR δ 7.88-7.87 (m, 2H), 7.66-7.63 (m, 1H), 7.58-7.54 (m, 4H), 7.27-7.24 (m, 2H), 5.59 (dt, 1H, J = 7.9, 3.1 
Hz), 5.47 (ddt, 1H, J = 17.2, 10.0, 6.5 Hz), 5.02 (d, 1H, J = 10.0 Hz), 4.96 (d, 1H, J = 17.2 Hz), 4.12 (dd, 1H, 
J = 16.8, 3.1 Hz), 4.06 (dd, 1H, J = 16.8, 3.1 Hz), 3.77 (dd, 1H, J = 15.1, 6.5 Hz), 3.66 (dd, 1H, J = 15.1, 6.5 
Hz), 2.41 (s, 3H), 1.27-1.22 (m, 1H), 0.84-0.78 (m, 2H), 0.50-0.39 (m, 2H); 13C NMR δ 204.8, 143.4, 140.3, 
137.1, 133.5, 131.8, 129.6, 129.0, 128.0, 127.1, 119.7, 110.9, 107.9, 50.1, 43.6, 21.4, 8.9, 7.8, 7.4; DART MS 
m/z 444 (M++1, 100); DART HRMS calcd for C23H26NO4S2 444.1303, found 444.1301. 
 
Dimethyl 2-(4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)-2-(prop-2-enyl)malonate (76b). 
Compound 76b was a colorless oil: IR 1961, 1734, 1308, 1151 cm-1; 1H NMR δ 7.90-7.87 (m, 2H), 7.65-7.60 
(m, 1H), 7.55-7.52 (m, 2H), 5.61-5.48 (m, 2H), 5.00-4.94 (m, 2H), 3.67 (s, 3H), 3.65 (s, 3H), 2.97 (dd, 1H, J = 
16.5, 2.7 Hz), 2.91 (dd, 1H, J = 16.5, 3.2 Hz), 2.71-2.61 (m, 2H), 1.31-1.22 (m, 1H), 0.86-0.76 (m, 2H), 
0.48-0.40 (m, 2H); 13C NMR δ 204.0, 170.1, 170.0, 140.0, 133.4, 131.8, 129.0, 128.3, 119.5, 110.2, 107.6, 
56.9, 52.6, 52.5, 36.3, 28.8, 9.4, 7.8, 6.9; DART MS m/z 405 (M++1, 100); DART HRMS calcd for C21H25O6S 
405.1372, found 405.1367. 
 
1-Cyclopropyl-5,5-bis(methoxymethyl)-3-phenylsulfonylocta-1,2,7-triene (76c). 
Compound 76c was a colorless oil: IR 1956, 1306, 1148 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.62-7.58 (m, 
1H), 7.54-7.50 (m, 2H), 5.72 (ddt, 1H, J = 16.9, 10.5, 7.3 Hz), 5.48 (dt, 1H, J = 8.2, 2.7 Hz), 5.02-4.97 (m, 
2H), 3.233 (s, 3H), 3.229 (s, 3H), 3.19-3.16 (m, 4H), 2.40-2.31 (m, 2H), 2.13 (d, 2H, J = 7.3 Hz), 1.32-1.24 
(m, 1H), 0.84-0.75 (m, 2H), 0.51-0.36 (m, 2H); 13C NMR δ 205.6, 140.5, 133.8, 133.1, 128.8, 128.2, 118.0, 
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111.3, 105.2, 74.3, 74.2, 58.9, 42.3, 36.3, 28.7, 9.3, 7.4, 6.7; DART MS m/z 377 (M++1, 100); DART HRMS 
calcd for C21H29O4S 377.1787, found 377.1781. 
 
5-(4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)-2,2-dimethyl-5-(prop-2-enyl)-1,3-dioxane (76d). 
Compound 76d was a colorless oil: IR 1950, 1306, 1146 cm-1; 1H NMR δ 7.89 (d, 2H, J = 7.3 Hz), 7.63 (t, 1H, 
J = 7.8 Hz), 7.54 (t, 2H, J = 7.8 Hz), 5.65 (ddt, 1H, J = 16.0, 11.0, 7.8 Hz), 5.51 (dt, 1H, J = 8.2, 3.2 Hz), 
5.04-5.00 (m, 2H), 3.64-3.57 (m, 4H), 2.40 (d, 2H, J = 3.2 Hz), 2.24 (d, 2H, J = 7.8 Hz), 1.38 (s, 3H), 1.33 (s, 
3H), 1.31-1.24 (m, 1H), 0.84-0.76 (m, 2H), 0.46-0.40 (m, 2H); 13C NMR δ 204.6, 140.0, 133.3, 132.5, 128.9, 
128.3, 118.9, 110.8, 106.3, 98.2, 66.9, 66.7, 36.3, 35.8, 29.0, 23.8, 23.7, 9.3, 7.5, 6.7; DART MS m/z 389 
(M++1, 31.4); DART HRMS calcd for C22H29O4S 389.1787, found 389.1791. 
 
1-Cyclopropyl-3-phenylsulfonylocta-1,2,7-triene (76e). 
Compound 76e was a colorless oil: IR 1958, 1306, 1150 cm-1; 1H NMR δ 7.91-7.88 (m, 2H), 7.64-7.60 (m, 
1H), 7.55-7.51 (m, 2H), 5.72 (ddt, 1H, J = 16.9, 10.5, 6.4 Hz), 5.62 (dt, 1H, J = 7.8, 2.7 Hz), 4.97-4.92 (m, 
2H), 2.35-2.22 (m, 2H), 2.06-2.01 (m, 2H), 1.52 (quin, 2H, J = 7.3 Hz), 1.31-1.23 (m, 1H), 0.82-0.74 (m, 2H), 
0.46-0.33 (m, 2H); 13C NMR δ 203.3, 140.3, 137.7, 133.2, 128.9, 128.1, 115.2, 114.8, 106.2, 32.8, 26.8, 26.3, 
9.0, 7.6, 7.4; DART MS m/z 289 (M++1, 100); DART HRMS calcd for C17H21O2S 289.1262, found 289.1266. 
 
N-(4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)-N-(prop-2-enyl)-2-nitrobenzenesulfonamide (76f). 
Compound 76f was a colorless oil: IR 1954, 1547, 1369, 1348, 1308, 1165, 1151 cm-1; 1H NMR δ 7.94 (d, 1H, 
J = 7.9 Hz), 7.88 (d, 2H, J = 7.2 Hz), 7.70-7.62 (m, 4H), 7.56 (t, 2H, J = 7.9 Hz), 5.55 (ddt, 1H, J = 16.8, 10.3, 
6.5 Hz), 5.51 (dt, 1H, J = 7.9, 3.1 Hz), 5.08 (d, 1H, J = 10.3 Hz), 5.01 (d, 1H, J = 16.8 Hz), 4.29-4.22 (m, 2H), 
3.92 (dd, 1H, J = 15.8, 6.5 Hz), 3.86 (dd, 1H, J = 15.8, 6.5 Hz), 1.21-1.16 (m, 1H), 0.81-0.76 (m, 2H), 
0.48-0.34 (m, 2H); 13C NMR δ 204.6, 147.7, 140.1, 134.0, 133.7, 133.5, 131.8, 131.4, 131.1, 129.2, 128.0, 
124.2, 120.2, 110.7, 108.4, 49.8, 43.6, 9.0, 7.9, 7.4; DART MS m/z 475 (M++1, 100); DART HRMS calcd for 
C22H23N2O6S2 475.0998, found 475.0986. 
 
4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl Prop-2-enyl Ether (76g). 
Compound 76g was a colorless oil: IR 1954, 1308, 1151 cm-1; 1H NMR δ 7.94-7.92 (m, 2H), 7.62-7.59 (m, 
1H), 7.54-7.50 (m, 2H), 5.74-5.68 (m, 2H), 5.14-5.10 (m, 2H), 4.30 (d, 2H, J = 2.1 Hz), 3.80 (dt, 2H, J = 5.8, 
1.4 Hz), 1.37-1.31 (m, 1H), 0.88-0.80 (m, 2H), 0.51-0.44 (m, 2H); 13C NMR δ 205.8, 141.3, 133.7, 133.2, 
128.9, 128.1, 117.6, 111.6, 105.8, 70.7, 66.1, 8.9, 7.9, 7.6; DART MS m/z 291 (M++1, 35.5); DART HRMS 
calcd for C16H19O3S 291.1055, found 291.1042. 
 
(E)-Dimethyl 2-(4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)-2-(prop-1-enyl)malonate (85b). 
Compound 85b was a colorless oil: IR 1961, 1734, 1308, 1151 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.53 (m, 2H), 5.88 (dq, 1H, J = 15.8, 1.7 Hz), 5.51 (dt, 1H, J = 8.2, 3.4 Hz), 5.43 (dq, 1H, J = 
15.8, 6.5 Hz), 3.67 (s, 3H), 3.64 (s, 3H), 3.13 (dd, 1H, J = 16.5, 3.4 Hz), 3.08 (dd, 1H, J = 16.5, 3.4 Hz), 1.61 
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(dd, 3H, J = 6.5, 1.7 Hz), 1.25-1.19 (m, 1H), 0.83-0.76 (m, 2H), 0.47-0.40 (m, 2H); 13C NMR δ 204.1, 169.69, 
169.67, 140.1, 133.3, 129.0, 128.4, 128.2, 125.6, 110.2, 107.5, 57.9, 52.9, 52.8, 31.8, 18.2, 9.2, 7.7, 7.0; 
DART MS m/z 405 (M++1, 100); DART HRMS calcd for C21H25O6S 405.1372, found 405.1357. 
 
(E)-1-Cyclopropyl-5,5-bis(methoxymethyl)-3-phenylsulfonylocta-1,2,6-triene (85c). 
Compound 85c was a colorless oil: IR 1956, 1306, 1148 cm-1; 1H NMR δ 7.88-7.86 (m, 2H), 7.62-7.58 (m, 
1H), 7.53-7.49 (m, 2H), 5.44-5.34 (m, 2H), 5.28 (d, 1H, J = 16.0 Hz), 3.33-3.25 (m, 10H), 2.46 (d, 2H, J = 2.7 
Hz), 1.62 (d, 3H, J = 6.4 Hz), 1.28-1.19 (m, 1H), 0.81-0.73 (m, 2H), 0.48-0.34 (m, 2H); 13C NMR δ 205.9, 
140.6, 133.0, 132.2, 128.8, 128.2, 125.2, 111.2, 105.2, 75.4, 75.0, 59.14, 59.12, 44.7, 30.2, 18.6, 9.3, 7.4, 6.8; 




Compound 85d was a colorless oil: IR 1960, 1306, 1150 cm-1; 1H NMR δ 7.91-7.88 (m, 2H), 7.63-7.59 (m, 
1H), 7.55-7.51 (m, 2H), 5.46 (dt, 1H, J = 8.2, 3.2 Hz), 5.40 (dq, 1H, J = 16.0, 6.4 Hz), 5.17 (dq, 1H, J = 16.0, 
1.8 Hz), 3.72 (d, 1H, J = 11.9 Hz), 3.70 (d, 1H, J = 11.9 Hz), 3.65 (dd, 1H, J = 11.9, 1.8 Hz), 3.58 (dd, 1H, J = 
11.9, 1.8 Hz), 2.70 (dd, 1H, J = 16.0, 3.2 Hz), 2.59 (dd, 1H, J = 16.0, 3.2 Hz), 1.63 (dd, 3H, J = 6.4, 1.8 Hz), 
1.37 (s, 3H), 1.29 (s, 3H), 1.27-1.19 (m, 1H), 0.81-0.74 (m, 2H), 0.48-0.35 (m, 2H); 13C NMR δ 205.0, 140.2, 
133.1, 131.0, 128.8, 128.2, 126.4, 111.2, 106.0, 98.0, 67.5, 66.7, 38.5, 30.6, 26.7, 20.6, 18.5, 9.2, 7.4, 6.8; 
DART MS m/z 389 (M++1, 27.3); DART HRMS calcd for C22H29O4S 389.1787, found 389.1771. 
 
(E)-Dimethyl 2-(But-1-enyl)-2-(4-cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)malonate (85h). 
Compound 85h was a colorless oil: IR 1961, 1734, 1315, 1151 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.53 (m, 2H), 5.88 (dd, 1H, J = 16.2, 1.4 Hz), 5.49-5.43 (m, 2H), 3.67 (s, 3H), 3.64 (s, 3H), 3.13 
(dd, 1H, J = 16.5, 3.1 Hz), 3.09 (dd, 1H, J = 16.5, 3.4 Hz), 1.99-1.94 (m, 2H), 1.25-1.20 (m, 1H), 0.90 (t, 3H, 
J = 7.2 Hz), 0.83-0.76 (m, 2H), 0.48-0.40 (m, 2H); 13C NMR δ 204.0, 169.74, 169.70, 140.0, 135.0, 133.3, 
129.0, 128.1, 123.6, 110.2, 107.6, 57.7, 52.9, 52.8, 31.9, 25.6, 12.9, 9.2, 7.7, 6.9; DART MS m/z 419 (M++1, 
100); DART HRMS calcd for C22H27O6S 419.1528, found 419.1522. 
 
Dimethyl 2-Ethenyl-2-(4-cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)malonate (85i). 
Compound 85i was a colorless oil: IR 1961, 1736, 1308, 1151 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.64-7.61 
(m, 1H), 7.55-7.53 (m, 2H), 6.27 (dd, 1H, J = 17.9, 11.0 Hz), 5.49 (dt, 1H, J = 8.2, 3.4 Hz), 5.17 (d, 1H, J = 
11.0 Hz), 5.05 (d, 1H, J = 17.9 Hz), 3.69 (s, 3H), 3.66 (s, 3H), 3.17 (dd, 1H, J = 16.5, 3.4 Hz), 3.11 (dd, 1H, J 
= 16.5, 3.4 Hz), 1.26-1.21 (m, 1H), 0.83-0.75 (m, 2H), 0.47-0.40 (m, 2H); 13C NMR δ 203.9, 169.2, 139.9, 
133.4, 132.8, 129.0, 128.2, 117.5, 110.0, 107.8, 58.5, 53.0, 31.3, 9.2, 7.7, 6.9; DART MS m/z 391 (M++1, 






Compound 85j was a colorless oil: IR 1960, 1306, 1148 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.61-7.59 (m, 
1H), 7.53-7.50 (m, 2H), 5.49-5.41 (m, 2H), 5.10 (dq, 1H, J = 12.0, 1.7 Hz), 3.42 (d, 2H, J = 9.3 Hz), 3.38 (d, 
1H. J = 9.3 Hz), 3.37 (d, 1H. J = 9.3 Hz), 3.27 (s, 3H), 3.26 (s, 3H), 2.62 (dd, 1H, J = 16.2, 2.7 Hz), 2.59 (dd, 
1H, J = 16.2, 3.4 Hz), 1.60 (dd, 3H, J = 7.2, 1.7 Hz), 1.28-1.22 (m, 1H), 0.81-0.74 (m, 2H), 0.46-0.38 (m, 
2H); 13C NMR δ 205.4, 140.7, 133.1, 130.6, 128.8, 128.2, 126.5, 111.4, 105.5, 74.93, 74.86, 59.1, 45.4, 30.2, 
14.7, 9.3, 7.2, 6.6; DART MS m/z 377 (M++1, 100); DART HRMS calcd for C21H29O4S 377.1787, found 
377.1794. 
 
(E)- and (Z)-Dimethyl 2-(But-2-enyl)-2-(4-cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)malonate (92a). 
A mixture of (E)-92a and (Z)-92a in the ratio of 88 to 12 was obtained as a colorless oil: IR 1960, 1734, 1308, 
1151 cm-1; 1H NMR δ 7.90-7.88 (m, 88/100 x 2H, 12/100 x 2H), 7.65-7.61 (m, 88/100 x 1H, 12/100 x 1H), 
7.56-7.52 (m, 88/100 x 2H, 12/100 x 2H), 5.52-5.49 (m, 88/100 x 1H, 12/100 x 2H), 5.38 (dq, 88/100 x 1H, J 
= 15.1, 6.4 Hz), 5.15-5.07 (m, 88/100 x 1H, 12/100 x 1H), 3.66-3.64 (m, 88/100 x 6H, 12/100 x 6H), 
3.01-2.87 (m, 88/100 x 2H, 12/100 x 2H), 2.68 (d, 12/100 x 2H, J = 7.3 Hz), 2.59-2.57 (m, 88/100 x 2H), 1.55 
(dd, 88/100 x 3H, J = 6.4, 1.4 Hz), 1.52 (dd, 12/100 x 3H, J = 6.9, 1.8 Hz), 1.31-1.23 (m, 88/100 x 1H, 12/100 
x 1H), 0.87-0.76 (m, 88/100 x 2H, 12/100 x 2H), 0.48-0.40 (m, 88/100 x 2H, 12/100 x 2H); 13C NMR δ 203.9, 
170.2, 140.0, 133.4, 130.4, 129.0, 128.3, 124.0, 110.2, 107.5, 57.0, 52.54, 52.51, 35.0, 28.6, 18.0, 9.4, 7.8, 6.9; 
DART MS m/z 419 (M++1, 33.6); DART HRMS calcd for C22H27O6S 419.1528, found 419.1522. 
 
Dimethyl 2-(4-Cyclopropyl-2-phenylsulfonylbuta-2,3-dienyl)-2-(3-methylbut-2-enyl)malonate (92b). 
Compound 92b was a colorless oil: IR 1960, 1734, 1308, 1151 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 7.65-7.60 
(m, 1H), 7.56-7.52 (m, 2H), 5.51 (dt, 1H, J = 8.2, 3.2 Hz), 4.81-4.77 (m, 1H), 3.65 (s, 3H), 3.63 (s, 3H), 2.97 
(dd, 1H, J = 16.5, 3.2 Hz), 2.90 (dd, 1H, J = 16.5, 3.2 Hz), 2.62 (d, 2H, J = 7.3 Hz), 1.60 (s, 3H), 1.50 (s, 3H), 
1.32-1.23 (m, 1H), 0.86-0.77 (m, 2H), 0.47-0.43 (m, 2H); 13C NMR δ 203.8, 170.4, 170.3, 140.1, 136.2, 133.3, 
129.0, 128.2, 116.9, 110.4, 107.6, 56.8, 52.51, 52.49, 30.5, 28.7, 25.9, 17.7, 9.4, 7.8, 6.9; DART MS m/z 433 
(M++1, 100); DART HRMS calcd for C23H29O6S 433.1685, found 433.1691. 
 
(E)-Dimethyl 2-(4-Cyclopropyl-2-diethoxyphosphinylbuta-2,3-dienyl)-2-(prop-1-enyl)malonate (93a). 
To a solution of 84b (168 mg, 0.60 mmol) and Et3N (0.17 mL, 1.2 mmol) in THF (6.0 mL) was gradually 
added diethyl chloroposphite (0.13 mL, 0.91 mmol) at -78 ºC. After stiring for 2 h at the same temperature, the 
reaction mixture was warmed to reflux. The reaction mixture was further stirred for 2 h, then the reaction was 
diluted with water, extracted with AcOEt. The extract was washed with water and brine, dried, and 
concentrated to dryness. The residue was chromatographed with CH2Cl2-AcOEt (10:1) to afford 93a (150 mg, 
62%) as a colorless oil: IR 1952, 1732 cm-1; 1H NMR δ 6.03 (dq, 1H, J = 16.0, 1.8 Hz), 5.66 (dq, 1H, J = 16.0, 
6.4 Hz), 5.11 (ddt, 1H, J = 13.3, 8.2, 3.2 Hz), 4.14-4.03 (m, 4H), 3.74 (s, 3H), 3.72 (s, 3H), 3.01 (t, 1H, J = 3.2 
Hz), 2.99 (t, 1H, J = 3.2 Hz), 1.73 (dd, 3H, J = 6.4, 1.8 Hz), 1.33 (t, 6H, J = 7.3 Hz), 1.28-1.18 (m, 1H), 
0.79-0.72 (m, 2H), 0.45-0.39 (m, 2H); 13C NMR δ 208.8 (d, J = 2.9 Hz), 170.20, 170.17, 128.0, 126.3, 99.5 (d, 
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J = 17.3 Hz), 91.1 (d, J = 190.7 Hz), 62.3 (d, J = 5.8 Hz), 62.2 (d, J = 7.2 Hz), 58.4 (d, J = 10.1 Hz), 52.74, 
52.65, 33.2 (d, J = 10.1 Hz), 18.2, 16.2 (d, J = 7.2 Hz), 9.0 (d, J = 8.7 Hz), 7.0 (d, J = 4.3 Hz), 6.3 (d, J = 2.9 
Hz); DART MS m/z 401 (M++1, 100); DART HRMS calcd for C19H30O7P 401.1729, found 401.1710. 
 
(E)-Dimethyl 2-(4-Cyclopropylbuta-2,3-dienyl)-2-(prop-1-enyl)malonate (93b). 
To a solution of diol 84b (141 mg, 0.50 mmol), PPh3 (262 mg, 1.0 mmol), IPNBSH (257 mg, 1.0 mmol) in 
THF (5.0 mL) was added DEAD (0.45 mL, 1.0 mmol, 40% in toluene) at 0 °C. The reaction mixture was then 
gradually warmed to room temperature. After stirring for 2 h, a mixture of 2,2,2-trifluoroethanol and water 
(1:1, 5.0 mL) was added to the reaction mixture, which was further stirred for 4 h at same temperature. Then, 
the reaction mixture was diluted with water, extracted with Et2O. The extract was washed with water and 
brine, dried, and concentrated to dryness. The residue was chromatographed with hexane-AcOEt (10:1) to 
afford 93b (67 mg, 52%) as a colorless oil: IR 1960, 1732 cm-1; 1H NMR δ 5.94 (dq, 1H, J = 16.0, 1.4 Hz), 
5.61 (dq, 1H, J = 16.0, 6.4 Hz), 5.06-5.01 (m, 1H), 4.94-4.90 (m, 1H), 3.74 (s, 3H), 3.73 (s, 3H), 2.79-2.68 (m, 
2H), 1.76 (dd, 3H, J = 6.4, 1.4 Hz), 1.23-1.15 (m, 1H), 0.70-0.65 (m, 2H), 0.33-0.30 (m, 2H); 13C NMR δ 
205.1, 170.8, 128.1, 126.9, 95.4, 86.9, 59.6, 52.60, 52.57, 52.56, 35.6, 18.3, 9.4, 6.6; DART MS m/z 265 
(M++1, 100); DART HRMS calcd for C15H21O4 265.1440, found 265.1422. 
 
General procedure for preparation of allenylcyclopropane-alkenes 93c,d. 
To a solution of 84b (1.0 mmol) in CH2Cl2 (10 mL) was added Et3N (20 mmol) and MsCl (10 mmol) at 0 °C. 
After stirring for 2 h at 0 °C, the reaction mixture was quenched by addition of saturated aqueous NaHCO3, 
extracted with CH2Cl2. The extract was washed with water and brine, dried, and concentrated to afford the 
crude mesylate. To a suspension of CuCN (4.0 mmol), and LiCl (8.0 mmol) in THF (10 mL) was gradually 
added alkyl litium (4.0 mmol) at -78 °C. The reaction mixture was warmed to room temperature and stirred 
until a solid was completely dissolved. Then, the reaction mixture was cooled to -78 °C again, and the crude 
mesylate was gradually added to the reaction mixture. After stirring for 2 h, the reaction mixture was 
quenched by addition of saturated aqueous NH4Cl. The mixture was filtered through Celite, and the filtrate 
was extracted with AcOEt. The extract was washed with water and brine, dried, and concentrated to dryness. 
The residue was chromatographed with hexane-AcOEt to afford the corresponding 
allenylcyclopropane-alkenes 93c,d. Chemical yields are summarized in Scheme 14. 
 
(E)-Dimethyl 2-(4-Cyclopropyl-2-methylbuta-2,3-dienyl)-2-(prop-1-enyl)malonate (93c). 
Compound 93c was a colorless oil: IR 1961, 1732 cm-1; 1H NMR δ 6.09-6.05 (m, 1H), 5.56 (dq, 1H, J = 16.0, 
6.4 Hz), 4.73-4.69 (m, 1H), 3.73 (s, 3H), 3.72 (s, 3H), 2.76 (d, 2H, J = 2.7 Hz), 1.73 (dd, 3H, J = 6.4, 1.8 Hz), 
1.65 (d, 3H, J = 2.7 Hz), 1.19-1.11 (m, 1H), 0.70-0.61 (m, 2H), 0.37-0.23 (m, 2H); 13C NMR δ 201.7, 170.9, 
127.6, 127.1, 95.9, 95.8, 58.9, 52.6, 52.5, 40.0, 21.0, 18.2, 10.1, 6.7, 6.1; DART MS m/z 279 (M++1, 100); 





(E)-Dimethyl 2-(2-Butyl-4-cyclopropylbuta-2,3-dienyl)-2-(prop-1-enyl)malonate (93d). 
Compound 93d was a colorless oil: IR 1961, 1730 cm-1; 1H NMR δ 6.08 (dq, 1H, J = 16.0, 1.4 Hz), 5.54 (dq, 
1H, J = 16.0, 6.4 Hz), 4.83-4.78 (m, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 2.75 (brs, 2H), 1.90-1.86 (m, 2H), 1.73 
(dd, 3H, J = 6.4, 1.4 Hz), 1.38-1.24 (m, 4H), 1.18-1.10 (m, 1H), 0.88 (t, 2H, J = 7.3 Hz), 0.69-0.60 (m, 2H), 
0.36-0.24 (m, 2H); 13C NMR δ 200.9, 170.9, 127.7, 126.9, 100.6, 97.3, 58.9, 52.6, 52.5, 38.6, 33.8, 29.6, 22.2, 
18.2, 13.9, 10.1, 6.7, 5.9; DART MS m/z 321 (M++1, 100); DART HRMS calcd for C19H29O4 321.2066, found 
321.2053. 
 
General procedure for Rh(I)-catalyzed cycloisomerization of allenylcyclopropane-alkenes. 
To a solution of the allenylcyclopropane-alkene 76, 85 and 92 (0.10~0.15 mmol) in 1,4-dioxane (1.0~1.5 mL) 
was added 10 mol% of [{RhCl(CO)2}2] (3.9~5.8 mg, 0.010~0.015 mmol) under N2 atomosphere. Then the 
reaction mixture was stirred at 80 °C until complete disappearance of the starting material monitored by TLC. 
1,4-Dioxane was evaporated off, and the residue was chromatographed with hexane-AcOEt to afford the 




Compound 77a was colorless needles: m.p. 187-190 °C (AcOEt); IR 1352, 1306, 1163, 1155 cm-1; 1H NMR δ 
7.73-7.72 (m, 2H), 7.66-7.63 (m, 1H), 7.54 (d, 2H, J = 8.2 Hz), 7.52-7.49 (m, 2H), 7.17 (d, 2H, J = 8.2 Hz), 
6.84 (d, 1H, J = 9.6 Hz), 6.20 (dd, 1H, J = 9.6, 5.2 Hz), 4.40 (dd, 1H, J = 12.0, 4.8 Hz), 4.31 (d, 1H, J = 15.5 
Hz), 4.23 (dd, 1H, J = 15.5, 4.8 Hz), 2.52-2.47 (m, 1H), 2.40 (s, 3H), 2.05-1.99 (m, 1H), 1.22 (d, 3H, J = 6.9 
Hz), 1.05 (d, 3H, J = 7.2 Hz); 13C NMR δ 148.3, 145.4, 143.9, 140.0, 133.6, 133.3, 129.9, 129.3, 127.5, 127.1, 
124.3, 117.8, 68.5, 55.7, 40.0, 37.1, 21.6, 16.0, 13.3; DART MS m/z 444 (M++1, 100); DART HRMS calcd for 




Compound 77b was a colorless oil: IR 1734, 1302, 1153 cm-1; 1H NMR δ 7.91 (d, 2H, J = 7.9 Hz), 7.62 (t, 1H, 
J = 7.9 Hz), 7.55 (t, 2H, J = 7.9 Hz), 7.20 (d, 1H, J = 10.0 Hz), 6.38 (dd, 1H, J = 10.0, 5.8 Hz), 3.74 (s, 3H), 
3.58 (d, 1H, J = 12.7 Hz), 3.41 (s, 3H), 3.14 (d, 1H, J = 16.5 Hz), 2.95 (d, 1H, J = 16.5 Hz), 2.38-2.33 (m, 1H), 
1.82-1.75 (m, 1H), 1.03 (d, 3H, J = 6.5 Hz), 0.98 (d, 3H, J = 7.2 Hz); 13C NMR δ 171.1, 169.8, 148.0, 146.5, 
140.7, 133.1, 129.0, 127.5, 118.7, 61.5, 52.8, 52.0, 51.2, 41.2, 36.4, 33.7, 16.4, 13.5; DART MS m/z 405 




Compound 77c was a colorless oil: IR 1306, 1150 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 7.60-7.55 (m, 1H), 
7.53-7.49 (m, 2H), 7.21 (d, 1H, J = 9.6 Hz), 6.30 (dd, 1H, J = 9.6, 5.5 Hz), 3.45 (d, 1H, J = 9.6 Hz), 3.35 (d, 
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1H, J = 9.6 Hz), 3.31 (s, 3H), 3.20 (d, 1H, J = 9.2 Hz), 3.03-3.00 (m, 4H), 2.89 (dd, 1H, J = 13.3, 2.7 Hz), 
2.68 (d, 1H, J = 16.5, 2.7 Hz), 2.52 (d, 1H, J = 16.5 Hz), 2.30-2.22 (m, 1H), 1.92-1.82 (m, 1H), 1.03 (d, 3H, J 
= 6.4 Hz), 0.90 (d, 3H, J = 7.3 Hz); 13C NMR δ 149.7, 145.4, 141.2, 132.8, 128.9, 127.4, 119.4, 75.2, 72.9, 
59.1, 50.6, 47.5, 38.2, 36.5, 31.5, 17.9, 13.1; DART MS m/z 377 (M++1, 50.7); DART HRMS calcd for 




Compound 77d was a colorless amorphous: IR 1317, 1153 cm-1; 1H NMR δ 7.90 (d, 2H, J = 7.8 Hz), 
7.62-7.58 (t, 1H, J = 7.8 Hz), 7.53 (t, 2H, J = 7.8 Hz), 7.22 (d, 1H, J = 10.1 Hz), 6.30 (dd, 1H, J = 10.1, 6.0 
Hz), 4.16 (d, 1H, J = 11.4 Hz), 3.91 (d, 1H, J = 11.4 Hz), 3.48 (d, 1H, J = 11.4, 2.3 Hz), 3.26 (d, 1H, J = 16.5 
Hz), 3.19 (dd, 1H, J = 11.4, 2.3 Hz), 2.45 (d, 1H, J = 16.9 Hz), 2.32-2.29 (m, 1H), 1.89-1.79 (m, 1H), 1.43 (s, 
3H), 1.36 (s, 3H), 1.12 (d, 3H, J = 6.9 Hz), 0.89 (d, 3H, J = 6.9 Hz); 13C NMR δ 148.1, 145.2, 140.9, 133.1, 
130.2, 129.1, 127.3, 119.3, 98.3, 68.0, 61.7, 49.1, 44.2, 42.0, 36.3, 31.5, 29.0, 19.0, 18.6, 12.9; DART MS m/z 




Compound 77d’ was a colorless amorphous: IR 3628, 3483, 1317, 1150 cm-1; 1H NMR δ 7.91-7.89 (m, 2H), 
7.62-7.59 (m, 1H), 7.55-7.53 (m, 2H), 7.21 (d, 1H, J = 10.0 Hz), 6.32 (dd, 1H, J = 10.0, 5.8 Hz), 4.14 (d, 1H, 
J = 11.0 Hz), 3.78 (d, 1H, J = 11.0 Hz), 3.60 (d, 1H, J = 11.0 Hz), 3.49 (d, 1H, J = 11.0 Hz), 2.98 (d, 1H, J = 
16.2 Hz), 2.54-2.49 (m, 2H), 2.32-2.26 (m, 1H), 1.84-1.80 (m, 1H), 1.00 (d, 3H, J = 6.5 Hz), 0.88 (d, 3H, J = 
7.2 Hz); 13C NMR δ 149.3, 145.7, 140.8, 133.2, 129.2, 127.3, 119.2, 70.3, 64.2, 51.0, 50.2, 37.9, 36.3, 31.1, 
18.4, 12.9; DART MS m/z 349 (M++1, 18.0); DART HRMS calcd for C19H25O4S 349.1474, found 349.1465. 
 
(4R*,5R*,6S*)-4,5-Dimethyl-9-phenylsulfonylbicyclo[4.3.0]nona-1(9),2-diene (77e). 
Compound 77e was a colorless oil: IR 1302, 1150 cm-1; 1H NMR δ 7.91-7.88 (m, 2H), 7.61-7.57 (m, 1H), 
7.54-7.50 (m, 2H), 7.17 (d, 1H, J = 10.1 Hz), 6.31 (dd, 1H, J = 10.1, 5.5 Hz), 2.63-2.44 (m, 3H), 2.38-2.30 (m, 
1H), 2.12-2.05 (m, 1H), 1.75-1.65 (m, 1H), 1.37-1.29 (m, 1H), 0.92 (s, 3H), 0.91 (s, 3H); 13C NMR δ 151.9, 
146.2, 141.3, 132.9, 130.5, 129.0, 127.3, 119.2, 46.5, 37.7, 35.5, 32.1, 28.8, 15.9, 13.3; DART MS m/z 289 




Compound 77f was colorless oil: IR 1549, 1373, 1308, 1167, 1155 cm-1; 1H NMR δ 7.86-7.81 (m, 3H), 
7.71-7.67 (m, 1H), 7.66-7.63 (m, 1H), 7.60-7.57 (m, 2H), 7.53 (t, 2H, J = 7.9 Hz), 6.94 (d, 1H, J = 10.0 Hz), 
6.25 (dd, 1H, J = 10.0, 5.2 Hz), 4.83 (dd, 1H, J = 12.4, 4.8 Hz), 4.51 (d, 1H, J = 14.8 Hz), 4.32 (dd, 1H, J = 
14.8, 4.8 Hz), 2.52-2.46 (m, 1H), 2.06-1.99 (m, 1H), 1.09 (d, 3H, J = 7.2 Hz), 1.08 (d, 3H, J = 7.6 Hz); 13C 
 87 
 
NMR δ 148.7, 148.5, 145.6, 139.9, 134.1, 133.8, 131.6, 130.7, 129.5, 127.2, 124.3, 124.1, 117.6, 69.0, 55.5, 





Compound 77h was a colorless oil: IR 1732, 1304, 1153 cm-1; 1H NMR δ 7.92-7.91 (m, 2H), 7.64-7.61 (m, 
1H), 7.57-7.54 (m, 2H), 7.21 (d, 1H, J = 10.0 Hz), 6.41 (dd, 1H, J = 10.0, 6.2 Hz), 3.75 (s, 3H), 3.62 (d, 1H, J 
= 13.4 Hz), 3.40 (s, 3H), 3.14 (d, 1H, J = 16.2 Hz), 2.94 (d, 1H, J = 16.2 Hz), 2.61-2.55 (m, 1H), 1.67-1.61 (m, 
1H), 1.52 (tt, 1H, J = 12.4, 3.8 Hz), 1.35-1.27 (m, 1H), 0.95 (d, 3H, J = 7.2 Hz), 0.81 (t, 3H, J = 7.2 Hz); 13C 
NMR δ 171.2, 169.7, 148.1, 146.3, 140.7, 133.1, 129.0, 127.5, 127.4, 118.8, 61.5, 52.8, 52.1, 50.7, 41.3, 40.3, 




Compound 77i was a colorless oil: IR 1734, 1306, 1150 cm-1; 1H NMR δ 7.93-7.91 (m, 2H), 7.64-7.61 (m, 
1H), 7.57-7.54 (m, 2H), 7.15 (d, 1H, J = 10.0 Hz), 6.28 (dd, 1H, J = 10.0, 5.5 Hz), 3.79-3.76 (m, 1H), 3.74 (s, 
3H), 3.51 (s, 3H), 3.22 (d, 1H, J = 16.8 Hz), 2.97 (d, 1H, J = 16.8 Hz), 2.61-2.55 (m, 1H), 1.89 (dd, 1H, J = 
12.7, 4.6 Hz), 1.41 (dt, 1H, J = 12.8, 5.8 Hz), 1.15 (d, 3H, J = 7.2 Hz); 13C NMR δ 170.8, 169.8, 146.8, 144.9, 
140.6, 133.2, 129.0, 127.5, 119.2, 60.7, 52.9, 52.2, 45.8, 39.9, 30.8, 30.3, 18.7; DART MS m/z 391 (M++1, 




Compound 95 was a colorless oil: IR 1732, 1319, 1153 cm-1; 1H NMR δ 7.90-7.87 (m, 2H), 7.64-7.59 (m, 1H), 
7.56-7.52 (m, 2H), 7.15 (d, 1H, J = 10.1 Hz), 6.37 (dd, 1H, J = 10.1, 6.2 Hz), 3.73 (s, 3H), 3.70 (d, 1H, J = 
12.4 Hz), 3.35 (s, 3H), 3.18 (s, 2H), 2.78-2.70 (m, 1H), 2.27-2.21 (m, 1H), 1.59-1.56 (m, 1H), 1.02 (d, 3H, J = 
6.9 Hz), 0.95 (d, 3H, J = 7.3 Hz), 0.89 (d, 3H, J = 7.3 Hz); 13C NMR δ 169.349, 169.291, 149.2, 147.7, 140.7, 
133.1, 129.0, 127.4, 118.2, 63.2, 52.9, 52.1, 50.5, 42.6, 41.9, 31.6, 27.7, 21.5, 18.2, 16.2; DART MS m/z 433 




Compound 97a was a yellow oil: IR 1730 cm-1; 1H NMR δ 6.92 (d, 1H, J = 9.6 Hz), 6.20 (dd, 1H, J = 9.6, 6.0 
Hz), 4.15-4.03 (m, 4H), 3.78 (s, 3H), 3.71 (s, 3H), 3.58-3.54 (m, 1H), 3.24 (dd, 1H, J = 16.9, 4.1 Hz), 2.82 (d, 
1H, J = 16.9 Hz), 2.37-2.29 (m, 1H), 1.86-1.77 (m, 1H), 1.35 (t, 3H, J = 7.3 Hz), 1.32 (t, 3H, J = 7.3 Hz), 1.08 
(d, 3H, J = 6.4 Hz), 0.97 (d, 3H, J = 7.3 Hz); 13C NMR δ 171.9, 170.6, 152.9, 143.2 (d, J = 1.9 Hz), 120.7 (d, 
J = 3.8 Hz), 117.9 (d, J = 191.7 Hz), 62.5 (d, J = 9.6 Hz), 61.5 (d, J = 4.8 Hz), 61.3 (d, J = 5.8 Hz), 52.6, 52.1, 
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51.8, 43.2 (d, J = 14.4 Hz), 36.3, 33.7, 16.6, 16.35 (d, J = 2.9 Hz), 16.27 (d, J = 3.8 Hz), 13.8; DART MS m/z 




Compound 78a was colorless plates: m.p. 148-162 °C (hexane-AcOEt); IR 1344, 1306, 1161, 1146 cm-1; 1H 
NMR δ 7.78-7.76 (m, 2H), 7.66 (d, 1H, J = 8.2 Hz), 7.59-7.54 (m, 1H), 7.50-7.47 (m, 2H), 7.40 (dt, 1H, J = 
5.5, 2.3 Hz), 7.32 (d, 2H, J = 8.2 Hz), 6.78 (dt, 1H, J = 5.5, 2.7 Hz), 5.61 (ddt, 1H, J = 17.4, 10.1, 6.4 Hz), 
5.12 (dd, 1H, J = 17.4, 1.4 Hz), 5.00 (dd, 1H, J = 10.1, 1.4 Hz), 4.21 (s, 2H), 3.76 (d, 2H, J = 6.4 Hz), 
3.01-2.99 (m, 2H), 2.62-2.60 (m, 2H), 2.45 (s, 3H); 13C NMR δ 167.0, 152.0, 143.6, 142.7, 135.8, 133.0, 
132.8, 131.2, 129.7, 129.1, 127.4, 126.6, 121.6, 118.4, 50.2, 47.5, 32.3, 31.4, 21.5; DART MS m/z 444 (M++1, 
100); DART HRMS calcd for C23H26NO4S2 444.1303, found 444.1313. 
 
(Z)-Dimethyl 2-[2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl]-2-(prop-2-enyl)malonate (78b). 
Compound 78b was a colorless oil: IR 1732, 1306, 1146 cm-1; 1H NMR δ 7.83-7.80 (m, 2H), 7.56-7.52 (m, 
1H), 7.49-7.45 (m, 2H), 7.32 (dt, 1H, J = 6.0, 2.3 Hz), 6.64 (dt, 1H, J = 6.0, 2.7 Hz), 5.83 (ddt, 1H, J = 17.4, 
10.1, 6.9 Hz), 5.14-5.07 (m, 2H), 3.75 (s, 6H), 3.24 (s, 2H), 2.81 (d, 2H, J = 6.9 Hz), 2.75-2.73 (m, 2H), 
2.53-2.50 (m, 2H); 13C NMR δ 171.7, 163.9, 149.8, 142.9, 133.5, 132.5, 131.1, 128.9, 126.7, 125.0, 118.8, 
58.8, 52.5, 39.3, 35.1, 31.8, 31.6; DART MS m/z 405 (M++1, 100); DART HRMS calcd for C21H25O6S 
405.1372, found 405.1360. 
 
(Z)-1-(Cyclopent-2-enylidene)-3,3-bis(methoxymethyl)-1-phenylsulfonylhex-5-ene (78c). 
Compound 78c was a colorless oil: IR 1300, 1142 cm-1; 1H NMR δ 7.81-7.79 (m, 2H), 7.52-7.49 (m, 1H), 
7.46-7.43 (m, 2H), 7.17 (dt, 1H, J = 5.5, 2.4 Hz), 6.52 (dt, 1H, J = 5.5, 2.7 Hz), 5.88 (ddt, 1H, J = 16.8, 10.3, 
7.6 Hz), 5.10-5.06 (m, 2H), 3.36 (s, 4H), 3.30 (s, 6H), 2.73-2.72 (m, 2H), 2.65 (s, 2H), 2.49-2.47 (m, 2H), 
2.29 (d, 2H, J = 7.6 Hz); 13C NMR δ 162.2, 148.1, 144.1, 134.9, 132.1, 131.5, 128.7, 127.4, 126.4, 117.7, 75.7, 
58.8, 43.8, 38.5, 34.7, 31.6, 31.5; DART MS m/z 377 (M++1, 100); DART HRMS calcd for C21H29O4S 




Compound 78f was a colorless oil: IR 1547, 1371, 1306, 1165, 1146 cm-1; 1H NMR δ 7.81-7.80 (m, 2H), 
7.71-7.63 (m, 4H), 7.57-7.56 (m, 1H), 7.51-7.49 (m, 2H), 7.39 (dt, 1H, J = 5.5, 2.1 Hz), 6.79 (dt, 1H, J = 5.5, 
2.7 Hz), 5.72 (ddt, 1H, J = 17.2, 10.3, 6.2 Hz), 5.16 (dd, 1H, J = 17.2, 1.0 Hz), 5.04 (dd, 1H, J = 10.3, 1.0 Hz), 
4.46 (s, 2H), 4.04 (d, 2H, J = 6.2 Hz), 2.91-2.90 (m, 2H), 2.60-2.59 (m, 2H); 13C NMR δ 167.4, 152.4, 150.3, 
142.5, 133.6, 133.3, 132.9, 132.4, 131.7, 131.5, 131.1, 129.2, 126.6, 124.2, 121.7, 118.8, 49.6, 47.8, 32.3, 




(Z)-2-(Cyclopent-2-enylidene)-2-phenylsulfonylethyl Prop-2-enyl Ether (78g). 
Compound 78g was a colorless oil: IR 1308, 1146 cm-1; 1H NMR δ 7.94-7.92 (m, 2H), 7.56-7.53 (m, 1H), 
7.49-7.47 (m, 2H), 7.39 (dt, 1H, J = 5.5, 2.4 Hz), 6.74 (dt, 1H, J = 5.5, 2.7 Hz), 5.80 (ddt, 1H, J = 17.5, 10.3, 
5.8 Hz), 5.19 (dq, 1H, J = 17.5, 1.4 Hz), 5.15 (dq, 1H, J = 10.3, 1.4 Hz), 4.35 (s, 2H), 3.89 (dt, 2H, J = 5.8, 1.4 
Hz), 2.83-2.81 (m, 2H), 2.58-2.56 (m, 2H); 13C NMR δ 165.1, 151.3, 141.5, 133.6, 132.6, 131.1, 128.8, 128.0, 
127.2, 117.1, 71.5, 66.9, 31.7, 30.5; DART MS m/z 291 (M++1, 80.7); DART HRMS calcd for C16H19O3S 
291.1055, found 291.1052. 
 
Dimethyl 2-[(E)- and (Z)-But-2-enyl]-2-[(E)-2-(cyclopent-2-enylidene)-2-phenylsulfonylethyl]malonate 
(94). 
A mixture of (E)-94 and (Z)-94 in the ratio of 88 to 12 was obtained as a colorless oil: IR 1730, 1304, 1144 
cm-1; 1H NMR δ 7.87-7.85 (m, 88/100 x 2H, 12/100 x 2H), 7.58-7.55 (m, 88/100 x 1H, 12/100 x 1H), 
7.51-7.47 (m, 88/100 x 2H, 12/100 x 2H), 6.62-6.56 (m, 88/100 x 2H, 12/100 x 2H), 5.56-5.41 (m, 88/100 x 
1H, 12/100 x 1H), 3.73 (s, 12/100 x 6H), 3.72 (s, 88/100 x 6H), 3.37 (s, 12/100 x 2H), 3.35 (s, 88/100 x 2H), 
2.85-2.84 (m, 88/100 x 6H, 12/100 x 6H), 2.78 (d, 12/100 x 2H, J = 6.9 Hz), 2.69 (d, 88/100 x 2H, J = 6.0 Hz), 
2.56-2.55 (m, 88/100 x 2H, 12/100 x 2H), 1.64-1.63 (m, 88/100 x 3H, 12/100 x 3H); 13C NMR δ 171.7, 163.4, 
148.9, 142.3, 132.7, 132.5, 129.5, 128.8, 127.1, 125.7, 125.4, 59.0, 52.5, 37.5, 34.1, 33.6, 30.0, 18.1; DART 




Compound 96 was a colorless oil: IR 1730, 1306, 1146 cm-1; 1H NMR δ 7.82-7.80 (m, 2H), 7.54-7.52 (m, 1H), 
7.48-7.45 (m, 2H), 7.31 (dt, 1H, J = 5.5, 2.1 Hz), 6.61 (dt, 1H, J = 5.5, 2.7 Hz), 5.06-5.03 (m, 1H), 3.75 (s, 
6H), 3.22 (s, 2H), 2.80 (d, 2H, J = 7.2 Hz), 2.74-2.72 (m, 2H), 2.51-2.49 (m, 2H), 1.68 (d, 3H, J = 1.0 Hz), 
1.61 (s, 3H); 13C NMR δ 172.0, 163.9, 149.6, 143.0, 135.5, 132.5, 131.2, 128.9, 126.7, 125.3, 118.8, 58.8, 
52.6, 34.9, 33.3, 31.8, 31.7, 26.0, 18.0; DART MS m/z 433 (M++1, 98.8); DART HRMS calcd for C23H29O6S 




Compound 98a was a yellow oil: IR 1732 cm-1; 1H NMR δ 6.52-6.50 (m, 1H), 6.44 (dq, 1H, J = 6.2, 2.1 Hz), 
5.81 (dq, 1H, J = 16.2, 1.7 Hz), 5.34 (dq, 1H, J = 16.2, 6.2 Hz), 4.08-3.99 (m, 4H), 3.74 (s, 6H), 3.24 (d, 2H, J 
= 19.2 Hz), 2.90-2.87 (m, 2H), 2.57-2.55 (m, 2H), 1.65 (dd, 3H, J = 6.2, 1.7 Hz), 1.32 (t, 6H, J = 7.2 Hz); 13C 
NMR δ 171.1, 167.0 (d, J = 11.6 Hz), 146.0, 132.6 (J = 18.8 Hz), 128.5, 126.6, 110.5 (d, J = 186.4 Hz), 61.2 
(d, J = 5.8 Hz), 60.4, 52.6, 37.4 (d, J = 11.6 Hz), 32.8, 30.5 (d, J = 5.8 Hz), 18.3, 16.3 (d, J = 5.8 Hz); DART 





Dimethyl 2-[(E)-2-(Cyclopent-2-enylidene)propyl]-2-[(E)-prop-1-enyl]malonate (98c). 
Compound 98c was a colorless oil: IR 1728 cm-1; 1H NMR δ 6.29 (dt, 1H, J = 5.8, 2.4 Hz), 6.00 (dt, 1H, J = 
5.8, 2.7 Hz), 5.95 (dq, 1H, J = 16.2, 1.7 Hz), 5.49 (dq, 1H, J = 16.2, 6.5 Hz), 3.69 (s, 6H), 2.95 (s, 2H), 
2.46-2.45 (m, 2H), 2.41-2.40 (m, 2H), 1.70 (dd, 3H, J = 6.5, 1.7 Hz), 1.58 (s, 3H); 13C NMR δ 171.4, 145.6, 
136.6, 131.1, 128.8, 126.6, 118.3, 59.8, 52.4, 42.3, 31.7, 28.0, 20.4, 18.2; DART MS m/z 279 (M++1, 0.8); 
DART HRMS calcd for C16H23O4 279.1596, found 279.1615. 
 
Dimethyl 2-[(E)-2-(Cyclopent-2-enylidene)hexyl]-2-[(E)-prop-1-enyl]malonate (98d). 
To a solution of the allenylcyclopropane-alkene 93d (64 mg, 0.20 mmol) in 1,4-dioxane (2.0 mL) was added 
10 mol% of [RhCl(cod)]2 (9.9 mg, 0.020 mmol) under N2 atomosphere. Then the reaction mixture was stirred 
at 80 °C until complete disappearance of the starting material monitored by TLC. 1,4-Dioxane was evaporated 
off, and the residue was chromatographed with hexane-AcOEt (10:1) to afford 98d (38 mg, 60%) as a 
colorless oil: IR 1728 cm-1; 1H NMR δ 6.29 (d, 1H, J = 5.8 Hz), 5.99-5.95 (m, 2H), 5.49 (dq, 1H, J = 16.2, 6.5 
Hz), 3.67 (s, 6H), 2.95 (s, 2H), 2.44 (s, 4H), 1.92 (t, 2H, J = 7.2 Hz), 1.69 (dd, 3H, J = 6.5, 1.7 Hz), 1.33-1.22 
(m, 4H), 0.88 (t, 3H, J = 7.2 Hz); 13C NMR δ 171.4, 145.5, 136.5, 131.5, 129.1, 126.4, 123.5, 59.8, 52.3, 38.6, 
32.9, 31.6, 29.6, 27.4, 22.8, 18.1, 14.0; DART MS m/z 321 (M++1, 100); DART HRMS calcd for C19H29O4 
321.2066, found 321.2057. 
 
Dimethyl 2-[(Z)-2-(Cyclohex-4-en-1-onylidene)ethyl]-2-[(E)-prop-1-enyl]malonate (99b). 
Compound 99b was a yellow oil: IR 1732, 1695 cm-1; 1H NMR δ 6.18 (d, 1H, J = 9.6 Hz), 5.89-5.82 (m, 2H), 
5.63-5.55 (m, 2H), 3.73 (s, 6H), 3.37 (d, 2H, J = 6.9 Hz), 2.60-2.56 (m, 2H), 2.52-2.47 (m, 2H), 1.74 (dd, 3H, 
J = 6.4, 1.8 Hz); 13C NMR δ 201.0, 170.8, 134.9, 134.0, 130.6, 128.8, 127.1, 126.9, 59.4, 52.7, 40.3, 34.3, 
25.4, 18.3; DART MS m/z 293 (M++1, 100); DART HRMS calcd for C16H21O5 293.1389, found 293.1369. 
 
Dimethyl 2-[(Z)-2-(Cyclohex-4-en-1-onylidene)propyl]-2-[(E)-prop-1-enyl]malonate (99c). 
Compound 99c was a yellow oil: IR 1730, 1691 cm-1; 1H NMR δ 6.48-6.46 (m, 1H), 5.90-5.85 (m, 2H), 5.45 
(dq, 1H, J = 15.8, 6.5 Hz), 3.72 (s, 6H), 3.45 (s, 2H), 2.57-2.51 (m, 4H), 1.79 (s, 3H), 1.69 (dd, 3H, J = 6.5, 
1.7 Hz); 13C NMR δ 202.1, 171.2, 139.6, 133.0, 127.9, 127.6, 127.4, 126.5, 59.7, 52.6, 41.0, 40.2, 26.7, 20.3, 
18.3; DART MS m/z 307 (M++1, 100); DART HRMS calcd for C17H23O5 307.1546, found 307.1539. 
 
General procedure for preparation of enynes 81c’,j’. 
To a solution of enyne 81 (1.0 mmol) in THF (10 mL) was added LHMDS (3.0 mL, 3.0 mmol, 1.0 M solution 
in THF) at -78 °C. After stirring for 30 minutes, TMSCl (3.5 mmol) was added at the same temperature, and 
the reaction mixture was further stirred for 30 minutes at room temperature. Then, the mixture was quenched 
by addition of water, extracted with AcOEt. The extract was washed with water and brine, dried, and 
concentrated to dryness. The residue was chromatographed with hexane-AcOEt to afford the corresponding 





Compound 37 was a colorless oil: IR 2172 cm-1; 1H NMR δ 5.57 (dq, 1H, J = 15.8, 6.2 Hz), 5.45 (dq, 1H, J = 
15.8, 1.7 Hz), 3.37 (d, 2H, J = 8.9 Hz), 3.34 (d, 2H, J = 8.9 Hz), 3.33 (s, 6H), 2.34 (s, 2H), 1.71 (dd, 3H, J = 
6.2, 1.7 Hz), 0.15 (s, 9H); 13C NMR δ 132.1, 125.3, 104.4, 86.7, 75.4, 59.4, 44.1, 24.7, 18.6, 0.1; DART MS 
m/z 255 (M++1, 100); DART HRMS calcd for C14H27O2Si 255.1780, found 255.1784. 
 
(Z)-4,4-Bis(methoxymethyl)-1-(trimethylsilyl)hept-5-en-1-yne (81j’). 
Compound 38 was a colorless oil: IR 2172 cm-1; 1H NMR δ 5.60 (dq, 1H, J = 12.4, 7.3 Hz), 5.24 (dq, 1H, J = 
12.4, 1.8 Hz), 3.49 (d, 2H, J = 8.9 Hz), 3.46 (d, 2H, J = 8.9 Hz), 3.35 (s, 6H), 2.48 (s, 2H), 1.76 (dd, 3H, J = 
7.3, 1.8 Hz), 0.15 (s, 9H); 13C NMR δ 130.7, 126.5, 104.5, 86.2, 75.2, 59.3, 45.3, 25.2, 14.6, 0.1; DART MS 
m/z 255 (M++1, 100); DART HRMS calcd for C14H27O2Si 255.1780, found 255.1776. 
 
N-([1,1-2H2]-Prop-2-enyl)-N-(prop-2-ynyl)-4-methylbenzenesulfonamide ([D2]74a). 
To a solution of N-(prop-2-ynyl)-4-methylbenzenesulfonamide (418 mg, 2.00 mmol) in THF (4.0 mL) were 
added successively added PPh3 (1.1g, 4.0 mmol), [1,1-2H2]-prop-2-en-1-ol 89 and DIAD (0.83 mL, 4.2 mmol) 
at 0 ºC. After stirring for 15 h at room temperature, the reaction mixture was concentrated and 
chromatographed with hexane-AcOEt (20:1) to afford [D2]74a (135 mg, 27%) as a yellow oil: IR 3308, 1348, 
1163 cm-1; 1H NMR δ 7.74-7.73 (m, 2H), 7.30-7.27 (m, 2H), 5.72 (dd, 1H, J = 17.2, 10.0 Hz), 5.30 (dd, 1H, J 
= 17.2, 1.4 Hz), 5.25 (dd, 1H, J = 10.0, 1.4 Hz), 4.09 (d, 2H, J = 2.4 Hz), 2.43 (s, 3H), 2.01 (t, 1H, J = 2.4 
Hz); 13C NMR δ 143.5, 136.0, 131.7, 129.5, 127.7, 120.1, 76.4, 73.7, 48.4 (quin, J = 21.7 Hz), 35.6, 21.5; 




To a solution of [D2]74a (144 mg, 0.573 mmol) in THF (5.7 mL) was added LHMDS (0.68 mL, 0.68 mmol, 
1.0 M solution in THF) at -78 °C. After stirring for 30 minutes, cyclopropanecarboxaldehyde (0.060 mL, 0.80 
mmol) was added at the same temperature, and the reaction mixture was further stirred for 5 minutes at the 
same temperature. Then, the mixture was quenched by addition of saturated aqueous NH4Cl, extracted with 
AcOEt. The extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
chromatographed with hexane-AcOEt to afford [D2]75a (117 mg, 63%) as a colorless oil: IR 3593, 1348, 1163 
cm-1; 1H NMR δ 7.76-7.72 (m, 2H), 7.32-7.31 (m, 2H), 5.72 (dd, 1H, J = 16.8, 10.3 Hz), 5.29 (dd, 1H, J = 
16.8, 1.4 Hz), 5.24 (dd, 1H, J = 10.3, 1.4 Hz), 4.10 (d, 2H, J = 1.7 Hz), 3.92-3.91 (m, 1H), 2.43 (s, 3H), 1.87 
(s, 1H), 1.05-0.99 (m, 1H), 0.48-0.38 (m, 2H), 0.22-0.17 (m, 2H); 13C NMR δ 143.5, 136.0, 131.7, 129.4, 
127.7, 120.0, 84.5, 77.5, 65.2, 48.4 (quin, J = 21.7 Hz), 35.8, 21.4, 16.7, 3.0, 1.3; DART MS m/z 322 (M++1, 
100); DART HRMS calcd for C171H202H2NO3S 322.1446, found 322.1448. 
 
General procedure for preparation of allenylcyclopropane-alkenes [D4]85c, [D4]85j. 
To a solution of cyclopropane-[2,2,3,3-2H4]-carboxylic acid 86 (2.0 mmol) in CH2Cl2 (2.0 mL) was added 
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(COCl)2 (3.0 mmol) and DMF (0.1mL) at 0 °C and the reaction mixture was further stirred for 2 h at room 
temperature to afford crude 87. To a solution of enyne (1.0 mmol) in CH2Cl2 (10 mL) was added crude 87 and 
AlCl3 (5.0 mmol) at 0 ºC. After stirring for 1 h at the same temperature, the reaction mixture was quenched by 
addition of water, and the mixture was extracted with CH2Cl2. The extract was washed with water and brine, 
dried, and concentrated to dryness. The residue was passed through a short pad of silica gel with 
hexane-AcOEt (10:1) to afford the crude ketone. To a solution of crude ketone and CeCl3·7H2O (1.5 mmol) in 
MeOH (10 mL) was added NaBH4 (1.2 mmol) at -78 °C. After stirring for 1 h at the same temperature, the 
reaction mixture was quenched by addition of acetone, and the reaction mixture was concentrated and passed 
through a short pad of silica gel with with hexane-AcOEt (5:1) to afford crude propargylalcohol. To a solution 
of crude propargylalcohol and Et3N (6.0 mmol) in THF (20 mL) was gradually added PhSCl (3.0 mmol) at 
-78 °C. After stirring for 1 h at the same temperature, the reaction mixture was quenched by addition of 
saturated aqueous NaHCO3, and the mixture was extracted with AcOEt. The extract was washed with water 
and brine, dried, and concentrated to dryness. The residue was passed through a short pad of silica gel with 
hexane-AcOEt to afford the crude sulfoxide. To a solution of crude sulfoxide in EtOH (5.0 mL) was added a 
solution of (NH4)6Mo7O24·4H2O (1.0 mmol) and 30% aqueous H2O2 (4.0 mL) in EtOH (5.0 mL) at 0 °C. After 
stirring for 30 minutes at room temperature, the reaction mixture was quenched by addition of saturated 
aqueous NaHCO3, and the mixture was extracted with AcOEt. The extract was washed with water and brine, 
dried, and concentrated to dryness. The residue was chromatographed with hexane-AcOEt to afford the 
corresponding allenylcyclopropane-alkenes [D4]85. Chemical yields are summarized in Scheme 11. 
 
(E)-1-[2,2,3,3-2H4]-Cyclopropyl-5,5-bis(methoxymethyl)-3-phenylsulfonylocta-1,2,6-triene ([D4]85c). 
Compound [D4]85c was a colorless oil: IR 1954, 1306, 1148 cm-1; 1H NMR δ 7.87-7.86 (m, 2H), 7.61-7.59 (m, 
1H), 7.53-7.50 (m, 2H), 5.43 (dt, 1H, J = 8.2, 2.7 Hz), 5.38 (dq, 1H, J = 15.8, 6.2 Hz), 5.28 (dd, 1H, J = 15.8, 
1.4 Hz), 3.31-3.29 (m, 4H), 3.26 (s, 3H), 3.25 (s, 3H), 2.46 (d, 2H, J = 2.7 Hz), 1.62 (dd, 3H, J = 6.2, 1.4 Hz), 
1.21 (d, 1H, J = 8.2 Hz); 13C NMR δ 205.7, 140.4, 132.9, 132.1, 128.7, 128.0, 125.0, 111.0, 105.1, 75.2, 74.8, 
58.97, 58.95, 44.5, 30.0, 18.4, 8.8, 6.4 (quin, J =25.0 Hz), 5.8 (quin, J = 25.0 Hz); DART MS m/z 381 (M++1, 
100); DART HRMS calcd for C211H252H4O4S 381.2038, found 381.2041. 
 
(Z)-1-[2,2,3,3-2H4]-Cyclopropyl-5,5-bis(methoxymethyl)-3-phenylsulfonylocta-1,2,6-triene ([D4]85j). 
Compound [D4]85j was a colorless oil: IR 1960, 1306, 1148 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.61-7.59 (m, 
1H), 7.53-7.50 (m, 2H), 5.48-5.43 (m, 2H), 5.10 (dq, 1H, J = 12.0, 1.7 Hz), 3.42 (d, 2H, J = 8.9 Hz), 3.38 (d, 
1H, J = 8.9 Hz), 3.37 (d, 1H, J = 8.9 Hz), 3.27 (s, 3H), 3.26 (s, 3H), 2.63 (dd, 1H, J = 16.2, 3.1 Hz), 2.59 (dd, 
1H, J = 16.2, 3.1 Hz), 1.60 (dd, 3H, J = 7.2, 1.7 Hz), 1.22 (d, 1H, J = 8.2 Hz); 13C NMR δ 205.3, 140.5, 133.0, 
130.5, 128.7, 128.1, 126.4, 111.3, 105.4, 74.84, 74.78, 59.0, 45.3, 30.1, 14.6, 8.8, 6.3 (quin, J = 26.0 Hz), 5.7 








To a solution of cyclopropane-[2,2,3,3-2H4]-carboxylic acid 86 (0.17 mL, 2.0 mmol) in CH2Cl2 (2.0 mL) was 
added (COCl)2 (0.25 mL, 3.0 mmol) and DMF (0.1mL) at 0 °C and the reaction mixture was further stirred for 
2 h at room temperature to afford crude 87. To a solution of 
N-(prop-2-enyl)-N-[3-(trimethylsilyl)prop-2-ynyl]-4-methylbenzenesulfonamide (321 mg, 1.0 mmol) in 
CH2Cl2 (10 mL) was added crude 87 and AlCl3 (667 mg, 5.0 mmol) at 0 ºC. After stirring for 1 h at the same 
temperature, the reaction mixture was quenched by addition of water, and the mixture was extracted with 
CH2Cl2. The extract was washed with water and brine, dried, and concentrated to dryness. The residue was 
passed through a short pad of silica gel with hexane-AcOEt (10:1) to afford the crude ketone. To a solution of 
crude ketone and CeCl3·7H2O (574 mg, 1.5 mmol) in MeOH (10 mL) was added NaBH4 (45 mg, 1.2 mmol) at 
-78 °C. After stirring for 1 h at the same temperature, the reaction mixture was quenched by addition of 
acetone, and the reaction mixture was concentrated and passed through a short pad of silica gel with with 
hexane-AcOEt (5:1) to afford crude propargylalcohol. To a solution of crude propargylalcohol and Et3N (0.83 
mL, 6.0 mmol) in THF (20 mL) was gradually added PhSCl (0.33 mL, 3.0 mmol) at -78 °C. After stirring for 
1 h at the same temperature, the reaction mixture was quenched by addition of saturated aqueous NaHCO3, 
and the mixture was extracted with AcOEt. The extract was washed with water and brine, dried, and 
concentrated to dryness. The residue was passed through a short pad of silica gel with hexane-AcOEt to afford 
the crude sulfoxide. To a solution of the crude sulfoxide in CH2Cl2 (5 mL) was added mCPBA (208 mg, 1.2 
mmol) at 0 °C. After stirring for 30 minutes, the reaction mixture was quenched by addition of saturated 
aqueous Na2S2O3 and NaHCO3, and the mixture was extracted with CH2Cl2. The extract was washed with 
water and brine, dried, and concentrated to dryness. The residue was chromatographed with hexane-CH2Cl2 to 
afford [D4]76a (66 mg, 33%) as colorless plates: m.p. 90-92 ºC (hexane-iPr2O); IR 1965, 1348, 1321, 1159, 
1151 cm-1; 1H NMR δ 7.89-7.87 (m, 2H), 7.67-7.64 (m, 1H), 7.59-7.54 (m, 4H), 7.26-7.25 (m, 2H), 5.51 (dt, 
1H, J = 7.9, 3.1 Hz), 5.47 (ddt, 1H, J = 17.2, 10.0, 6.5 Hz), 5.03 (d, 1H, J = 10.0 Hz), 4.96 (d, 1H, J = 17.2 
Hz), 4.11 (dd, 1H, J = 16.8, 3.1 Hz), 4.05 (dd, 1H, J = 16.8, 3.1 Hz), 3.77 (dd, 1H, J = 15.1, 6.5 Hz), 3.66 (dd, 
1H, J = 15.1, 6.5 Hz), 2.42 (s, 3H), 1.22 (d, 1H, J = 7.9 Hz); 13C NMR δ 204.8, 143.4, 140.3, 137.2, 133.6, 
131.8, 129.6, 129.1, 128.1, 127.2, 119.8, 110.9, 107.9, 50.1, 43.6, 21.5, 8.5, 7.0 (quin, J = 25.0 Hz), 6.7 (quin, 





To a solution of [D2]76a (119 mg, 0.371 mmol) and Et3N (0.31 mL, 2.2 mmol) in THF (20 mL) was gradually 
added PhSCl (0.12 mL, 1.1 mmol) at -78 °C. After stirring for 1 h at the same temperature, the reaction 
mixture was quenched by addition of saturated aqueous NaHCO3, and the mixture was extracted with AcOEt. 
The extract was washed with water and brine, dried, and concentrated to dryness. The residue was passed 
through a short pad of silica gel with hexane-AcOEt to afford the crude sulfoxide. To a solution of the crude 
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sulfoxide in CH2Cl2 (1.9 mL) was added mCPBA (97 mg, 0.56 mmol) at 0 °C. After stirring for 30 minutes, 
the reaction mixture was quenched by addition of saturated aqueous Na2S2O3 and NaHCO3, and the mixture 
was extracted with CH2Cl2. The extract was washed with water and brine, dried, and concentrated to dryness. 
The residue was chromatographed with hexane-CH2Cl2 to afford [D2]76a (132 mg, 80%) as colorless plates: 
m.p. 91-93 °C (hexane-iPr2O); IR 1965, 1344, 1319, 1161, 1151 cm-1; 1H NMR δ 7.88-7.87 (m, 2H), 7.66-7.64 
(m, 1H), 7.58-7.54 (m, 4H), 7.27-7.24 (m, 2H), 5.51 (dt, 1H, J = 8.2, 3.1 Hz), 5.46 (dd, 1H, J = 17.2, 10.3 Hz), 
5.03 (dd, 1H, J = 10.3, 1.4 Hz), 4.96 (dd, 1H, J = 17.2, 1.4 Hz), 4.11 (dd, 1H, J = 16.5, 3.1 Hz), 4.05 (dd, 1H, 
J = 16.5, 3.1 Hz), 2.41 (s, 3H), 1.27-1.22 (m, 1H), 0.84-0.78 (m, 2H), 0.50-0.39 (m, 2H); 13C NMR δ 204.7, 
143.3, 140.2, 137.1, 133.5, 131.6, 129.6, 129.0, 127.9, 127.0, 119.8, 110.8, 107.8, 49.4 (quin, J = 21.7 Hz), 
43.5, 21.4, 8.8, 7.7, 7.4; DART MS m/z 446 (M++1, 100); DART HRMS calcd for C231H242H2NO4S2 446.1429, 
found 446.1429. 
 
General procedure for procedure for deuterium-labeling experiment of allenylcyclopropane-alkenes 
[D4]76a, [D2]76a, [D4]85c,j. 
To a solution of the allenylcyclopropane-alkene 76, 85 (0.10 mmol) in 1,4-dioxane (1.0 mL) was added 10 
mol% of [RhCl(CO)2]2 (3.9 mg, 0.010 mmol) under N2 atomosphere. Then the reaction mixture was stirred at 
80 °C until complete disappearance of the starting material monitored by TLC. 1,4-Dioxane was evaporated 
off, and the residue was chromatographed with hexane-AcOEt to afford the cyclized product 77, 78. Chemical 




Compound [D4]77c was a colorless oil: IR 1306, 1148 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 7.59-7.56 (m, 1H), 
7.53-7.50 (m, 2H), 7.22 (d, 1H, J = 10.0 Hz), 6.30 (d, 1H, J = 10.0 Hz), 3.45 (d, 1H, J = 9.3 Hz), 3.35 (d, 1H, 
J = 9.3 Hz), 3.31 (s, 3H), 3.20 (d, 1H, J = 9.3 Hz), 3.02-3.00 (m, 4H), 2.88 (dd, 1H, J = 12.7, 2.4 Hz), 2.68 (dd, 
1H, J = 16.2, 2.4 Hz), 2.52 (d, 1H, J = 16.2 Hz), 1.86 (dq, 1H, J = 12.7, 6.5 Hz), 1.02 (d, 3H, J = 6.5 Hz); 13C 
NMR δ 149.7, 145.4, 141.1, 132.7, 128.9, 127.3, 119.4, 75.2, 72.9, 59.0, 50.6, 47.5, 38.1, 35.8 (t, J = 20.2 Hz), 
31.3, 17.8, 12.1 (sep, J = 20.2 Hz); DART MS m/z 381 (M++1, 100); DART HRMS calcd for C211H252H4O4S 




Compound [D4]77c’ was a colorless oil: IR 1308, 1150 cm-1; 1H NMR δ 7.90-7.88 (m, 2H), 7.59-7.56 (m, 1H), 
7.53-7.50 (m, 2H), 7.22 (d, 1H, J = 10.0 Hz), 6.30 (d, 1H, J = 10.0 Hz), 3.45 (d, 1H, J = 9.3 Hz), 3.35 (d, 1H, 
J = 9.3 Hz), 3.31 (s, 3H), 3.20 (d, 1H, J = 9.3 Hz), 3.02-3.00 (m, 4H), 2.88 (s, 1H), 2.69 (d, 1H, J = 16.2 Hz), 
2.52 (d, 1H, J = 16.2 Hz), 1.01 (s, 3H), 0.86 (s, 1H); 13C NMR δ 149.7, 145.4, 141.2, 132.7, 128.9, 127.3, 
119.4, 75.2, 72.9, 59.1, 50.6, 47.5, 38.2, 35.8 (t, J = 20.2 Hz), 30.9 (t, J = 20.2 Hz), 17.7, 12.4 (quin, J = 20.2 





Compound [D4]77a was colorless needles: m.p. 187-191 ºC (AcOEt); IR 1352, 1306, 1163 cm-1; 1H NMR δ 
7.73-7.71 (m, 2H), 7.66-7.63 (m, 1H), 7.54 (d, 2H, J = 8.2 Hz), 7.52-7.49 (m, 2H), 7.17 (d, 2H, J = 8.2 Hz), 
6.84 (d, 1H, J = 10.0 Hz), 6.20 (d, 1H, J = 10.0 Hz), 4.39 (dd, 1H, J = 12.0, 4.5 Hz), 4.31 (d, 1H, J = 15.5 Hz), 
4.24 (dd, 1H, J = 15.5, 4.5 Hz), 2.40 (s, 3H), 2.00 (dt, 1H, J = 12.0, 6.9 Hz), 1.20 (d, 2H, J = 6.9 Hz), 1.00 (s, 
1H); 13C NMR δ 148.3, 145.3, 143.9, 140.0, 133.5, 133.2, 129.9, 129.3, 127.5, 127.1, 124.3, 117.8, 68.5, 55.6, 
39.8, 36.4 (t, J = 18.8 Hz), 21.5, 15.6 (t, J = 18.8 Hz), 12.6 (quin, J = 18.8 Hz); DART MS m/z 448 (M++1, 




Compound [D2]77a was colorless needles: m.p. 188-190 °C (AcOEt); IR 1350, 1306, 1163, 1148 cm-1; 1H 
NMR δ 7.73-7.71 (m, 2H), 7.66-7.63 (m, 1H), 7.53 (d, 2H, J = 8.2 Hz), 7.52-7.49 (m, 2H), 7.17 (d, 2H, J = 
8.2 Hz), 6.84 (d, 1H, J = 10.0 Hz), 6.20 (dd, 1H, J = 10.0, 5.2 Hz), 4.31 (d, 1H, J = 15.5 Hz), 4.23 (d, 1H, J = 
15.5 Hz), 2.51-2.47 (m, 1H), 2.40 (s, 3H), 2.04-1.99 (m, 1H), 1.22 (d, 3H, J = 7.2 Hz), 1.03 (d, 2H, J = 7.2 
Hz); 13C NMR δ 148.3, 145.4, 143.9, 140.0, 133.6, 133.3, 129.9, 129.3, 127.5, 127.1, 124.4, 117.8, 68.2 (t, J = 
21.7 Hz), 55.6, 39.9, 37.0, 21.6, 15.9, 13.0 (t, J = 18.8 Hz); DART MS m/z 446 (M++1, 100); DART HRMS 




Compound [D4]78a was colorless plates: m.p. 149-162 °C (hexane-AcOEt); IR 1344, 1306, 1161, 1150 cm-1; 
1H NMR δ 7.78-7.76 (m, 2H), 7.66 (d, 1H, J = 8.2 Hz), 7.58-7.55 (m, 1H), 7.50-7.47 (m, 2H), 7.40 (d, 1H, J = 
5.5 Hz), 7.32 (d, 2H, J = 8.2 Hz), 6.78 (d, 1H, J = 5.5 Hz), 5.60 (ddt, 1H, J = 17.4, 10.1, 6.2 Hz), 5.12 (dd, 1H, 
J = 17.4, 1.4 Hz), 5.00 (dd, 1H, J = 10.1, 1.4 Hz), 4.21 (s, 2H), 3.76 (d, 2H, J = 6.2 Hz), 2.45 (s, 3H); 13C 
NMR δ 166.9, 151.9, 143.5, 142.6, 135.8, 132.9, 132.8, 131.2, 129.7, 129.1, 127.4, 126.5, 121.7, 118.3, 50.1, 
47.4, 31.5-31.1 (m), 30.6-30.4 (m), 21.4; DART MS m/z 448 (M++1, 100); DART HRMS calcd for 




Compound [D2]78a was colorless plates: m.p. 148-162 °C (hexane-AcOEt); IR 1342, 1304, 1161, 1146 cm-1; 
1H NMR δ 7.78-7.76 (m, 2H), 7.66 (d, 2H, J = 8.2 Hz), 7.57-7.55 (m, 1H), 7.50-7.47 (m, 2H), 7.40 (dt, 1H, J 
= 5.5, 2.1 Hz), 7.31 (d, 2H, J = 8.2 Hz), 6.78 (dt, 1H, J = 5.5, 2.7 Hz), 5.60 (dd, 1H, J = 17.2, 10.0 Hz), 5.12 
(dd, 1H, J = 17.2, 1.4 Hz), 5.01 (dd, 1H, J = 10.0, 1.4 Hz), 4.20 (s, 2H), 3.01-2.99 (m, 2H), 2.62-2.60 (m, 2H), 
2.45 (s, 3H); 13C NMR δ 166.9, 151.9, 143.5, 142.6, 135.8, 132.82, 132.78, 131.1, 129.7, 129.1, 127.4, 126.5, 
121.5, 118.4, 49.8-49.2 (m), 47.4, 32.3, 31.4, 21.4; DART MS m/z 446 (M++1, 100); DART HRMS calcd for 
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OBNUC 13C
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OBNUC 13C
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